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Abstract
Several studies have demonstrated detrimental effects o f anthropogenic compounds on
coral reef communities These compounds are known to be bioaccumulated rapidly, but
eliminated slowly by anthozoans (i.e., corals and sea anemones). The cytochrome P450dependent mixed function oxidase (MFO) system is the primary pathway for initial oxidation o f
many hydrophobic exogenous compounds; however, its presence had not been well documented
in anthozoans. The studies reported herein show that a functional cytochrome P450-dependent
MFO is present in the microsomal fiaction o f the sea anemones Anthoplettra xanthogrammica,
A. elegantissima, and Bunodosoma cavemata. The evidence is based on the presence of
classical microsomal MFO components (e.g., cytochrome P4S0 and flavin-containing reductases)
and their ability to catalyze P450-dependent monooxygenase reactions (e.g., aldrin epoxidation
and ethoxyresorufin O-dealkylation (EROD)) in the presence o f NAD(P)H. The P450 specific
contents and MFO activities are similar to values found in many other marine invertebrates.
NADPH- and NADH-dependent EROD activity was consistently observed in A. elegantissima
and A. xanthogrammica; however, it was below the detection limit o f the assay for 5. cavemata.
In contrast, NADPH- and NADH-dependent aldrin epoxidation activity was consistently
observed in B. cavem ata and A. elegantissima, but it was less consistently observed in A.
xanthogrammica. Despite the much higher NADH-cytochrome c and ferricyanide reductase
activities, sea anemone monooxygenase reactions consistently preferred NADPH as a cofactor
for EROD. The aldrin epoxidation activity tended to be slightly higher with NADPH versus
NADH; however, there were a few preparations that strongly preferred either NADH or
NADPH. The difference in preference of electron donors between microsomal preparations may
result from differential expression o f P4S0 isoforms capable o f metabolizing aldrin. Further, the
presence o f multiple microsomal P450 isoforms in these sea. anemones was indicated by
immunodetection. Several antibodies raised against rat or fish P4S0 isoforms o f the CYP 1,2,

.
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and 3 families recognized protein(s) between 50-60 KDa in the microsomal fiaction o f each
species studied that were characteristic o f P450. Anti-CYP2K also recognized a 40 KDa protein
that was not characteristic o f P450.
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Chapter 1: bitrodnction
The effect o f anthropogenic compounds, such as organochioride pesticides and
polyaromatic hydrocarbons, on the fragile coral reef communities is a subject o f growing
concern. Sea anemones and corals (Phylum Cnidaria; Class Anthozoa) are both important
members o f this m arine com m uni^. Field studies on hard corals have demonstrated that acute
exposure to pollutants, such as oil, often results in massive mortality. Exposure to sublethal
levels results in a reduction in reproductive capsoifty, changes in lipid metabolism, lower growth
rates, reduction or elimination o f recolonization, and extensive mucus production. The extensive
mucus production enhances bacterial production on the corals, which often leads to death (Bums
& Knap, 1989; Loya & Rinkevich, 1980; Rinkevich & Loya, 1979).
Several studies have demonstrated rapid uptake and slow elimination rates o f xenobiotics
in anthozoans as compared to other marine invertebrates (Knap et al., 1982; Solbakken et al.,
1982; 1983; 1984; 1985). However, none o f these studies examined the ability o f the anthozoans
to metabolize these compounds to more hydrophilic substances that can be eliminated. The long
half-life of many xenobiotic compounds including polycyclic aromatic hydrocarbons,
polychlorinated biphenyls, and chlorinated hydrocarbon insecticides suggests that detoxification
or elimination may be especially slow in cnidarians. For instance, Solbakken et al. (1984)
demonstrated that the radiolabeled 2,4,5,2',4',5'-hexachlorobiphenyl (PCB) was still present one
year after exposure. The proportions o f remaining radioactivity as parent PCB or PCB
metabolites were not determined.
The initial oxidation o f many hydrophobic exogenous compounds is performed by the
cytochrome P450-dependent mixed-frmction oxidase (MFO) system. These reactions are often
the first step in increasing the hydrophilicity o f lipophilic compounds, allowing their excretion
from the organism. Thus, this pathway was originally thought o f as a detoxification pathway;
however, it is currently known that this pathway may actually lead to more toxic intermediates

1
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through formation o f reactive electropbiles or free radicals, which readily attack nucleophilic
centers o f tissue macromolecules (e.g^ Ok^r, 1990). Despite the production o f potentially
harmful intermediates, this pathway is often the first step necessary for excretion o f xenobiotic
compounds through primarily oxidation reactions. The addition o f a reactive functional group
(e.g., -OH, -NH2, -SH, -COOH) by P450 is often a prerequisite for phase II conjugation
reactions, which render lipophilic molecules m ore hydrophilic by addition o f highly polar groups
(e.g., glutathione, sulfate, glucuronate) at the oxidized sites (e g., Livingstone, 1991; Stegeman
& Hahn, 1994).
The presence o f a cytochrome P450-dependent MFO qrstem has been demonstrated in
m ost phyla, including several marine invertebrate phyla (e.g., reviews by den Besten, 1998;
James & Boyle, 1998; Livingstone, 1991; Lee, 1998); however, many o f the more basic
questions still need to be addressed, such as the inducibili^ of P450 and identification o f
regulatory pathways, both activation and deactivation. Invertebrate studies are complicated by
the presence o f low P450 contents, endogenous inhibitors to P450, and low reductase activities
(e.g.. Bend et al., 1981; James, 1989; James et al., 1979; Lindstrom-Seppa et al., 1982; 1983;
Livingstone, 1991; Payne, 1977). As a resulL early molluscan studies failed to discover an
MFO system (Lee, 1972, Payne, 1977, Vandermeuleun et al., 1978), yet molluscs are now
accepted as containing cytochrome P450 (e.g., Livingstone, 1991). Similarly, m ost early
cnidarian studies reported an absence o f cytochrome P450 monooxygenase activity or its
characteristic spectral properties (Lee, 1975; 1981; Payne, 1977). However, several recent
studies have indicated the presence o f a functional cytochrome P450-dependent MFO system in
two cnidarian classes -hydrozoa and anthozoa (Gassman & Kennedy, 1992; Heffeman et al.,
1996; Heffeman & Winston, 1998; Khan et al., 1972b; Winston et al., 1998).
The vast majoriQr o f the P450 literature has focused on m ammalian systems
(particularly the rat), although the catalytic cycle has been examined primarily w ith the only two

j; :
R eproduced with perm ission o f the copyright owner. F urther reproduction prohibited w ith o u t perm ission.

c^osolic cytochromes P4S0 (i.e., in bacteria) known to ex ist Due to their direct im pact on
humans, insects have also been heavily studied. Only recently has significant progress been
made on elucidating P450 mechanisms in the invertebrate (non-msect) world. Further, the road
to discovery has been difficult because analytical procedures for studying P450 have been
optimized for mammalian systems, which are very different 6om invertebrate systems. In many
cases, research has suggested that invertebrates have low levels o f P450 and/or P4S0 activity. It
remains an open question as to whether the P4S0 content and MFO activities are as low as some
o f the literature has suggested, or if the low levels are an artifact o f mammalian-based analytical
procedures. Examples have already demonstrated that additional heme-proteins, which interfere
with quantitation the P4S0 content, resulted in detection o f a lower P4S0 content (Berghout et al.,
1991, Livingstone et al., 1989; Nelson et al., 1976; Singer et al., 1980). Further, endogenous
inhibitors found in several species o f crustacean have interfered with MFO activities (Bend et al.,
1981; James et al., 1979; Lindstrom-Seppa et al., 1982; 1983; Payne, 1977).
The focus o f this dissertation research was to characterize the microsomal MFO system
in the cnidarian (i.e., sea anemone) more rigorously through: (1) identification o f the presence of
the components necessary for a functional MFO ^ stem ; (2) characterization o f the spectral
properties o f cytochrome 4S0 and other potentially active heme-proteins o f sea anemone
microsomes; and, (3) assessment o f the abili^ o f the MFO system to metabolize benchmark
substrates for cytochrome P450. The rest of this introductory chapter will focus on general
background information on P4S0 and the cnidarian, particularly the sea anemone.
CYTOCHROME P450
Cytochromes P450 are a family of heme-centered enemies capable o f performing a
diverse number o f predominantly oxidation reactions on numerous substrates. These reactions
include oxidation, peroxidation, hydroxylation, deallqflation, désulfuration, and dehalogenation.
Generalized examples o f these reactions are shown in Table 1-1. P450 isoforms are also capable
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Table 1-1. Classes o f reactions catalyzed by P450.
Example

Reaction
Aliphatic
HydrojQrlation

R -C H -C H -C H
2

2

3

— ► R -C H ,-C H O H -C H ,

R

Aromatic
Hydroylation

OH
O

Epoxidation

N-, S-, or ODealkylation

/ \

R -C H = C H -R

R-(NH, O, S)-CH 3

^

R -C H -C H -R

,

R-(NH^, OH, SH)~CU^ + CH2O

O
Deam ination

II
R - C -H

R -C H 2 -N H 2

+ NH,

O

O

II
N-hydrojQriation

II

R - N H - C -C H ,

R -N O H -C -C H ,

O

Sulfoxidation

II
R -S - R

R- S - R
S

D ésulfuration

Oxidative
Dehalogenation

O

II
R1R2P- X

X
I
R -C -H

I

H

II
R 1 R 2 P -X

X
I
R -C -O H
r
H

+

s

O

II
R - C - H + HX
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o f perfonnmg reduction reactions on some substrates under certain conditions; however, these
reactions are less common. They can metabolize both endogenous substrates, such as steroids,
fatty acids, bile acids, prostaglandins, and leukotrienes, and exogenous compounds (also referred
to as xenobiotic compounds), such as phytoalexins, polyaromatic hydrocarbons, and
organochlorine pesticides. The general reaction catalyzed by P4S0 can be written as;

NAD(P)H + fr+ O z + SH

NAD(P)+ + HzO + S-OH

where SH represents the substrate and S-OH represents the product. All o f these oxidation
reactions involve the insertion of one oxygen atom derived 6om m olecular oxygen into the
substrate; thus, P450 has also been referred to as a monooxygenase. The insertion o f the o)qfgen
may be followed by rearrangement o f the compound to yield a final product that does not
incorporate the oxygen atom (e.g., O, N , and S dealkylation reactions). Some isofbrms o f P4S0
are specific for a particular substrate and the kind o f reaction catalyzed, whereas many other
isoforms have a broad specificity and catalyze a myriad of oxidative processes. A characteristic
feature o f various P450 isoforms is their ability to be induced by the compounds that they are
capable o f metabolizing. These various substrates can promote induction o f cytochromes P450
at the transcriptional, post-transcriptional and translational levels (e.g., Okey, 1990).
Based on the most recent published list o f P4S0 isoforms, there are 481 genes and 22
pseudogenes representing 74 families (Nelson etal., 1996). There are estimated to be 60 to 200
isoforms existing in a single mammalian species (Nebert & Nelson, 1991). To simplify the
identity o f these isoforms, cytochromes P450 have been designated as CYP # letter#, where the
first number refers to its family, the letter refers to its subfamily, and the last number refers to
the specific isoform. For instance, one commonly studied P450 is C Y P lA l. The various
isoforms have been designated to the particular fiunily and subfamily based on sequence
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hom olo^. In m am m als, a 6m ily typically has greater than 40% sequence homology, while a
subfamily has greater than 55% hom olo^. The full name, C Y PlA l, is reserved for isoforms
and species where sequence information confirms its identity. Without such sequencing
information, the isoform is referred to as CYPl A.
Cytochromes P450 contain a single heme prosthetic group (iron protoporphyrin EX) with
the central iron atom liganded to a cysteinyl residue, which can exist in the thiol (-SH) or thiolate
(-S') state. P450 is a b-type cytochrome; however, the ligation o f the fifth ligand proximal to this
cysteinyl residue provides P450 with spectral properties that are atypical o f other cytochrome
b-type proteins. Under reduced conditions in the presence o f carbon monoxide (CO), native
cytochrome P450 has a characteristic 450 nm peak (Fig. 1-1); hence, it was named P450. Based
on the extinction coefficient determined fi-om rat samples, cytochrome P450 can be quantitated
from the difference between the absorbance at 450 nm and 490 nm, which is the isosbestic point
between the CO-liganded, sodium dithionite (DTN)-reduced form o f cytochrome P450 and the
unliganded, DTN-reduced form o f cytochrome P450 (Omura & Sato, 1964b).
Dénaturation o f mammalian P450 results in the loss o f the characteristic 450 nm peak
and the production o f a 420 nm peak; hence, denatured P450 has been referred to as P420. In
contrast to vertebrates, a peak with a relatively large amplitude near 418 nm has been detected in
many o f the aquatic invertebrates, particularly the echinoderm, mollusc and cnidarian (e.g., den
Besten, 1998; Heffeman & Winston, 1998; Livingstone & Farrar, 1984). Based on the
mammalian literature, the identity o f this 420 nm peak is classically considered to be denatured
P450 (e.g., Schenkman & Kupfer, 1982; Omura & Sato, 1964b); however, its actual identity in
invertebrates is unknown. Several studies have suggested that the invertebrate 418 nm
chromophore may actually result from the presence o f additional heme-centered protein(s).
Cytochromes P450 are the terminal oxidase in the MFO system. They are typically
membrane-bound proteins, which are most abundant in the endoplasmic reticulum. There are
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Fig. 1-1. CO-difference spectra o f DTN-reduced rat liver microsomes. Microsomes were DTNreduced and background corrected prior to addition o f CO.

also several membrane-bound mitochondrial isoforms and two bacterial cytosolic isoforms. In
vertebrates, cytochrome P4S0 has been found in most tissues; however, it tends to be more
concentrated in the liver (e.g., Schenkman & Kupfer, 1982; Lewis, 1996; Okey, 1990). In
invertebrates, P450 tends to be principally concentrated in tissues associated with processing o f
food and pollutants (e.g., Jewell & Winston, 1989; Livingstone & Farrar, 1984; McElroy,
1990). The other components o f the MFO system that are critical or ancillary for a functional
P450-dependent MFO system m vivo are the NADPH-cytochrome P450 reductase, cytochrome
bg, and NADH-cytochrome bg reductase. The membrane composition is also an important
property o f functional MFO systems. Preparation o f die P4S0 isoforms fiom the endoplasmic
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reticulum for analysis involves homogenization o f the tissue, which breaks the membrane and
allows it to reform as vesicles (referred to as microsomes), and differential centrifugation, which
separates the microsomal fraction fiom other cellular components.
The early steps involved in the mechanisms o f P4S0 catalysis, including substrate
binding, heme reduction and oxygen binding are relatively well understood; however, much o f
the latter steps, especially the 0 —0 bond cleavage in molecular oxygen and o^^gen insertion
steps, are still not well understood. These steps have been studied predominantly with the
cytosolic bacterial camphor-metabolizing P4S0cam. However, due to the highly conserved
nature o f the functional regions o f this emqnne, this pathway appears to be a reasonable
description o f all cytochromes P450 (Ortiz de Montellano, 1995; Lewis, 1996). In the presence
of no substrate, CYP is predominantly present in the low spin oxidized (Fe^^) form ^ ig . 1-2;
Step I). The binding o f the substrate to P450 usually causes a transition to the high spin form
and a concurrent shift in the reduction potential that favors reduction of the iron (2). The iron is
reduced by transferring an electron fiom the NADPH-t^ochrome P450 reductase (3). The
reduction o f the iron (Fe^^) favors binding o f oxygen (4). A fter molecular orgrgen is bound, the
second electron is transferred to P450 sometimes through cytochrome b;(5). The exact steps
beyond the addition o f the second electron to the hydroxylation o f the substrate are still unknown.
The addition o f the second electron is thought to result in the formation o f a pero}g^-P450
complex, which ultimately leads to the cleavage o f the O —O bond o f molecular oxygen through
heterolytic cleavage. C o n trov ert remains as to whether cleavage is always heterolytic. The
final steps in the reaction involve formation o f an activated electrophilic substrate intermediate
(e.g., a substrate radical, hydroylation o f that radical) and release o f the product (1).
In vertebrates, the first electron is transferred fiom NADPH-cytochrome P450 reductase
directly to P450. The second electron can be transferred directly o r indirectly through
cytochrome bg to P450. Qdochrome bg can also be reduced by NADH-cytochrome bg
8
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Fig. 1-2. Cytochrome P450 Catalytic Cycle

reductase. In contrast to vertebrates, there are many instances where invertebrates will more
readily utilize NADH in lieu o f NADPH as an electron donor. The preference for these cofactors
appears to vary between substrates and species. Invertebrates contain both NADPH-tgtochrome
P450 reductase activity and NAD(P)H-cytochrome bg activities. These reductase activities are
very low as compared to vertebrate values. Currently, relatively little is known about the
invertebrate reductase(s) involved in this cycle.
CNIDARIANS
Cnidarians are primarily marine organisms that live in a wide diversity o f habitats 6om
tropical to arctic regions and from intertidal to pelagic zones. The phylum contains over 10,000
living species and is composed o f four classes: Hydrozoa (e.g., hydra); Scyphozoa (e.g., jellyfish
that lack a true velum); Cubozoa (e g , jellyfish); and, Anthozoa (e.g., sea anemone, sea fan,
coral, sea pansy). These organisms play important roles in marine environments, particularly in
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the coral reef communities. Cnidarians are among die most primitive eumetazoa and lack
discrete organs, having evolved only to the tissue level o f development. Further; t h ^ exhibit
radial symmetry, a simple nerve network, and a thin body wall that surrounds a sac-like digestive
cavity. The medusa (firee-swimming) and th e polyp (sedentary) are the two basic body designs of
cnidarians. Finally, cnidarians are unique in containing widiin their tentacles stinging cells called
nematocysts, which are used to immobilize prey (Bames, 1980; Shick, 1991).
This dissertation research has focused on the sea anemone as opposed to coral to take
advantage o f several beneficial aspects o f that organism. The sea anemone contains a greater
tissue mass per number o f individuals, so few er sea anemones are required for research. Unlike
coral, removal o f several sea anemones w ill not damage or stress the whole colony. In addition,
it is easier to maintain stress-free and healthy sea anemones in the laboratory. Finally, in U.S.
waters, there are more federal restrictions on the collection o f coral as compared to those for the
sea anemone. Finally, due to the biological sim ilarities o f these organisms, results found in the
sea anemone should be relatively similar to those in coral. For instance, both groups typically
contain an algal or diatom symbiont beneficial to the anthozoan host; further, both hosts tend to
expel the symbionts (i.e. bleaching) upon prolonged stress. Bleaching o f coral reef communities
is currently a chronic problem, which results in the deadi o f corals.
Loss o f coral reefs due to overproduction o f mucus or to bleaching is devastating to
these ecosystems. Some o f the causative factors might be better addressed by understanding how
these anthozoans deal with stress resulting from environmental pollutants. Thus, there is a need
to examine biochemical mechanisms such as the cytochrome P450 dependent-MFO system.

Some anthozoans reproduce clonally, so studies on those species could eliminate a major
experimental variable by allowing a researcher to expose groups of genetically identical animals
to various pollutants. However, before such studies can proceed, it is necessary to first identify

the presence o f the MFO system and characterize it in these organisms.
10
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Chapter 2: Spectral Anatysis and Catafytic Activitks o f the Mixed-functioa Oxidase
System in Several Species o f Sea Anemones
INTRODUCTION
The presence o f a functional cytochrome P450-dependent mixed function oxidase
(MFO) system, has been clearly demonstrated in several marine invertebrate phyla (e g.,
Livingstone, 1991); however, its presence has been far less rigorously documented in cnidarians
(Gassman & Kennecfy, 1992; Heffeman e t al., 1996; Khan etal., 1972b; Winston et al., 1998).
In fac^ most early cnidarian studies reported an absence o f (qdochrome P450 monooxygenase
activity (Lee, 1975; 1981; Payne, 1977). For instance, Lee (1975) did not detect in vivo
metabolism o f naphthalene, benzo[a]pyrene (B[a]P), or 3-methylchoIanthrene (3MC) in either
the jellyfish (genus unknown) or in the ctenophore, Pleurobrachiapileus. In the sea anemone,
M etridium sp., Payne (1977) reported an absence o f in vitro metabolism o f B[a]P (fluorometric
assay), and Lee (1981) found no m vivo metabolism o f unidentified polyaromatic hydrocarbons
(PAH). More recently, Firman (1995) failed to detect the presence o f cytochrome P450 in the
reef-building coral, M ontastraeafaveolata, by either the carbon monoxide (CO)-binding spectra
or by metabolism o f P450 substrates (i.e., chlordane [m vrvo] and etho^qresorufin [in vitro]).
However, even though molluscs are now accepted as containing cytochrome P450 (e.g.,
Livingstone, 1991), early molluscan studies also failed to identify an MFO system (Lee et al.,
1972; Payne, 1977; Vandermeuleum & Penrose, 1978). A similar reversal has occurred for
cnidarians, with several recent studies indicating the presence o f a functional cytochrome P450dependent MFO system. For instance, the freshwater hydrozoan. Hydra littoralis, can catalyze
in vivo epoxidation o f aldrin, presumably by MFO activity (Khan et al., 1972b). Also, in
anthozoa, in vitro metabolism o f B[a]P was detected in the sea anemone, Bunodosoma
The spectral, reductase, and EROD analysis sections have been reprinted with permission feom
Comparative Biochemistry and Physiology Part C 121 (199&) 371-383. Copyright 1998 by
Elsevier Science Inc. This publication does not include the aldrin epoxidation study.
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cavem ata (Winston e t al., 1998), and in die scleractmian coral, Faviafragum (Gassman &
Kennedy, 1992). Based on the CO-liganded, sodium dithionite Q>TN)-reduced microsomes, F.
fragum , contained a cytochrome P-450 content between 60 and 350 pmol per mg microsomal
protein (Gassman & Kennetfy, 1992—P450 units in their figures are correct, but are misprinted
in their text |N . Gassman, personal communication]). Finally, although western blot analyses
suggested that several isoforms o f P450 exist in the sea anemone (Heffoman et al., 1996), the
evidence for the presence o f a functional cytochrome P450 system in cnidarians was still
equivocal. Thus, the purpose o f this study was to further investigate the presence o f P450 in the
sea anemone with respect to three features: (I) spectral characteristics o f the CO-liganded,
DTN-reduced microsomes; (2) presence o f flavin-containing reductases (i.e., additional MFO
components) in microsomes o f several species o f sea anemone; and (3) ability o f these sea
anemone microsomes to metabolize two classical P450 reactions, ethoxyresorufin Odealltylation
(EROD) and aldrin epoxidation.
The specific metabolic reactions were chosen because several vertebrate studies had
shown that ethoxyresorufin and aldrin are metabolized through the P450-dependent MFO system
(Burke etal., 1985; 1994; Wolff etal., 1979; 1980) and both EROD and aldrin epoxidation
activity has been demonstrated in other marine invertebrates (e.g., Livingstone 1991; Khan et al.,
1972a; 1972b; Porte & Escartin, 1998). Further, both assays can detect low activity levels,
particularly with regard to the epoxidation o f aldrin to dieldrin. Ethoxyresorufin is metabolized
to resorufin through an O-dealkylation reaction (Burke et al., 1985; 1994), and the production of
resorufin can be monitored by a fluorescent assay. While EROD activity was not detected in the
coral, Faviafragum (Firman, 1995), it has been observed in molluscs, crustaceans, and annelids
(references in Table 2-4). Aldrin, a chlorinated (tyclodiene insecticide, is converted to dieldrin
through an epoxidation reaction (W olff et al., 1980) and the production o f dieldrin can be
measured through gas chromatography using a N i^ electron capture detector (BCD). In vivo
12
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aldrin epoxidation has been detected in the freshwater cnidarian. Hydra littoralis (Khan et aL
1972b), and NADPH-dependent aldrin epoxidation activily has been observed in the microsomal
fraction o f several other invertebrates (Bums, 1976; Carlson etal., 1974; Khan e t al., 1972a,
1972b; Kreiger et al., 1979; Nelson et al., 1976). Although dieldrin has been shown to be
further metabolized in the rat at a very slow rate (W olff et al., 1979), dieldrin was the only
metabolite detected in the earthworm, Lumbricus terrestris L. (Nelson et al., 1976).
METHODS
Animals
Bunodosoma cavem ata were collected from the G ulf o f Mexico at Fourchon, Louisiana.
B. cavem ata is sometimes confused with the morphologically-similar species, Bunodactis
texaensis, but the blue stripe and reddish coloration (as opposed to gray streaks) on the tentacles
o f the organisms collected for this study is consistent with B. cavem ata (Fotheringham &
Brunenmeister, 1975). Anthopleura elegantissim a and A. xanthogrammica v/ereobtsàasd from
Pacific Bio-Marine Laboratories and North Coast Invertebrate Collectors in California. All sea
anemones were maintained in a recirculating system with Instant Ocean™ sea water. A.
elegantissima and A. xanthogrammica were kept at 347oo salinity and 12 °C, while B.
cavem ata were kept at 25 7oo salinity and 23 "C.
Microsomal Preparation
Each sea anemone microsomal preparation consisted of approximately 50 animals for
the sm aller^, elegantissim a, 30 animals for B. cavem ata, and only 1—2 animals for the larger
A. xanthogrammica. The tentacles were discarded, and diced sections o f the columnar region of
the sea anemone were immediately submerged in homogenization buffer. Microsomes were
prepared by homogenizing the tissue in four volumes homogenization buffer with a hand-cranked
plastic meat grinder, a Tekmar Tissumizer™ (3 -- 4 passes), anddien a Potter-Eivehjem tissue
homogenizer(3 —4 passes). The hand-cranked meat grinder w asnot used to prepare the vf.
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elegantissim a microsomes. The homogenmation buffer was 100 mM potassium phosphate pH
7.6, containing 125 mM sucrose, 1 pg/mL aprotinin, I mM ethylene diaminetetraacetic acid
(EDTA), I pg/inL leupeptin, 1 pg/mL pepstatin, 0.1 mM or/Ao-phenanthroline, 1 m M paramethylsuifonylfluoride (PMSF), 1 mg/mL soybean trypsin inhibitor, and 1 mM dithiothrehol
(DTT). Homogenates were serially centrifuged for 20 min a t 8,500 x g and 15 min at 14,000 x
g. The resulting pellets were discarded. The 14,000 x g supernatant was then centrifuged for 1
hour at 105,000 x g to pellet the microsomal fiaction. The microsomal pellet was washed once
in homogenization buffer and centrifuged again at 105,000 x g for 1 hour. Microsomes were
resuspended and stored at -80 °C in 100 mM potassium phosphate pH 7.6, containing 250 mM
sucrose at a protein concentration o f approximately 10 mg/mL. Protein concentrations were
determined by the 96-well microplate reader fluorescamine assay as described by Lorenzen and
Kennedy (1993), with two exceptions: the fluorescamine was prepared in HPLC-grade dioxane;
and, the buffer used for the assay was 250 mM sodium phosphate, pH 8.5.
Spectra! Properties
A Perkin Elmer lambda 5 dual beam spectrophotometer was used to examine the spectra
o f the sea anemone microsomal cytochrome P450 in terms o f both the carbon monoxide (CO)difference spectrum o f sodium dithionite (DTN)-reduced samples and the DTN-difference
spectrum o f CO-liganded samples (Omura & Sato, 1964a). These spectra can be performed
either by (1 ) adding the DTN and background-correcting prior to the addition o f the CO, or (2)
adding the CO and background-correcting prior to the addition o f the DTN. The CO-difference
and DTN-difference spectra were examined both ways. Prior to the addition o f either DTN or
CO, microsomal samples (200 pL) were solubilized with 100 pL o f 10 mM potassium
phosphate, pH 7.4 (containing 1 mM EDTA, 1 mM DTT, 150 mM NaCI, and 1,5% Triton N101) and diluted immediately with 900 pL o f 100 mM potassium phosphate (pH 7.4) to a final
protein concentration o f approximately 2 mg/mL. This sample was split between the reference
14 '
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and test cuvettes for analysis. A fter the addition o f the CO and DTN, the solubilized
microsomes were scanned immediately and then at 5 min mtervals while maintaining the sample
at room temperature. The extinction coefficient used to determine the cytochrome P4S0 content
(450-490 nm) was 91 cm "^mNi L This value was determined foom a mammal and is typically
used to quantitate P450 content; however, the actual extinction coefficient for the sea anemone
may be different.
Reductase Activities
The NAD(P)H cytochrome c (P450) reductase activities were measured as an increase in
cytochrome c absorbance over tim e at 550 nm (Lake, 1987). The NAD(P)H-cytochrome c
reductase reactions contained a final concentration o f0.048 mM cytochrome c, 1 mM potassium
cyanide, approximately 200 pg microsomal protein, and either O.I mM NADH or I mM
NADPH in 100 mM potassium phosphate, pH 7.7. The NADPH-dependent reactions were
performed in tandem cuvettes to correct for the rate o f non-enzymatic activity and noise
contribution from the microsomes. The NADH-dependent reactions had a non-entymatic
component. Thus, NADH reactions were performed in standard cuvettes with a correction for
the background noise reading o f the microsomes. Activities were calculated based on an
extinction coefficient of reduced cytochrome c, 21.0 cm^mM^.
The activity o f the NADH potassium ferricyanide (b,) reductase was measured as a
decrease in ferricyanide absorbance over time at 420 nm (Ichikawa et al., 1969). The NADHferricyanide activity reactions contained a final concentration o f 0.97 mM potassium
ferricyanide, 1 mM potassium cyanide, approximately 200 pg microsomal protein, and 0.4 mM
NADH in 1 mL of 100 mM potassium phosphate, pH 7.7. The NADH-dependent reactions were
performed in standard cuvettes with a correction for non-en^m atic activity. Any noise
contribution from the microsomes was negligible; thus, the microsomal contribution was not

15
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corrected. Activities were calculated based on an extinction coefficient o f reduced ferri(yanide,
1.02 cm 4 n M '. A ll reductase activities were initiated by the addition o f the cofactor.
Ethoxyresorafin O-DemUg^latiom ^IROD) A n a ^ is
Ethoxyresorufin O-deallqflation activity was measured as a continuous fluorimetric
assay performed with a 96-well microplate reader (Eggens& Galgani, 1992). The optimized
reaction and standards contained 50 mM Tris-HCl pH 7.2,4 mM NAD(P)H, and 4.5 pM
ethoxyresorufin in a final volume o f 110 pL. The microsomal protein, 150 to 300 pg per well,
was included in the reactions, but not in the standards. E n^m atic reactions were initiated by the
addition o f the ethoxyresorufin, and plates were incubated at 37 °C in an orbital shaker set at 220
rpm. As discussed below in more detail, EROD activities were not always linear over the entire
incubation time. Therefore, plates were read every 15 min between 0 to 90 min with the
Cytofluor 2300 qrstem at an excitation wavelength o f530 nm and an emission wavelength o f
590 nm. The ethoxyresorufin and resorufin were fieshly diluted in 50 mM Tris-HCl, pH 7.2
fi'om stocks (w/v DMSO; each reaction contained less than 2% DMSO), based on an extinction
coefficient for ethoxyresorufin o f22.83 cm^mM ' at 464.0 nm and for resorufin o f 40.0
cm ^mM ' at 571J nm. When microsomes were incubated with ethoxyresorufin in the absence o f
cofactor, there was a linear loss in fluorescence over time. Therefore, to calculate the EROD
activity, the fluorescence from microsomes incubated without cofactor was subtracted fiom the
fluorescence produced when microsomes were incubated with cofactor. EROD activity was
quantified based on the resorufin extinction coefficient mentioned above. The conditions o f the
EROD assay were optimized withÆ xanthogrammica microsomes.
Aldrin Epoxidation Analysis
Aldrin epoxidation activity was determined based on the production o f dieldrin, which
was measured by gas chromatography (Khan & Terriere, 1968). In a final volume o f 2 mL, the
optimized reaction contained 65 mM potassium phosphate pH 7.5,50 pM aldrin (w/v hexane;
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fînal concentratioit hexane per reaction was 5%), 4 —9 mg microsomal protein (300 |iL/inL
reaction), and an NAD(P)H-regenerating system (final concentrations m reaction: 3 mM
NAD(P)\ 15 mM giucose-6-phosphate, 125 units/inL glucose-6-phosphate dehydrogenase).
The glucose-6-phosphate dehydrogenase in die NADPH-regenerating system was prepared from
tonila yeast (Sigma G-8878), while the dehydrogenase in the NADH-regenerating system was
prepared from Leuconostoc m esenteroides (Sigma G-5760). The NAD(P)H-regenerating
systems were prepared approximately 15 min prior to its addition to the reaction. The reaction
was initiated by die addition o f the cofactor, and incubated for 60 —70 m in at 30 °C in an
incubator shaking at 100 rpm. The reaction was stopped by the addition o f 4 mL pesticide-grade
hexane (vortexed 45 seconds). The hexane layer was filtered through sodium sulfate in a small
glass funnel plugged with glass wool. Samples were extracted two more tim es with 4 mL
hexane. Due to the low dieldrin levels produced, any variations in extraction conditions (e.g.,
vortexing tim e or length o f time in hexane) resulted in higher variation among replicates; thus, all
samples were extracted at the same time, vortexed 45 seconds for each o f the three extractions,
and extractions were completed within an hour after incubation. Samples were dried under
nitrogen and redissolved in 1 mL with pesticide grade hexane. Sodium sulfate, glass wool, and
glassware for reactions and extractions were rinsed well with either hexane or petroleum ether.
The dieldrin was quantitated on a Hewlett Packard 6890 gas chromatograph equipped
with an HP-608 special analysis column (30 m x 0.53 mm x 0.50 pm) and an HP-50^ 50%
phenyl methyl siloxane column (30 m x 0.53 mm x 1.0 pm). Each column was coupled to its
own Ni^^ electron capture detector (LCD). There was a single inlet port with a temperature o f
270°C. For each sample, the oven temperature o f the colunm was held a t 80 "C for 1 min,
ramped 30 “C min ' to 190 ° C, then ramped 3.6 “C min^ to 260 “C, and finally held at 260 °C for
15 min. Both BCD detectors were set at 350 °C. The carrier gas, helium, had a total flow rate
o f 11.0 mL per min, which was split between the two columns.

■■
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The identity o f the dieldrin peak was verified and quantitated on both columns based on
a known dieldrin standard (Fig 2-1). Both columns demonstrated an increase in NAD(P)Hdependent a ctiv i^ with respect to an increase in protein concentration per reaction; however, for
B. cavem ata, the increase was linear over 0 —10 mg protein (or the HP-50^ column versus 0 —4
mg protein for the HP-608 column (see results). On the HP-608 column, aldrin epoxidation
gradually decreased at protein concentrations exceeding 4 mg per reaction and significantly
decreased in the presence o f 10 mg protein per reaction. The lack o f a linear increase in activi^
at these higher protein concentrations appeared to be an artifact o f the B. caverrmta microsomes,
for which an additional compound eluted from the HP-608 column as a shoulder o ff the dieldrin
peak (Fig. 2-2). The size o f the shoulder increased linearly as the microsomal protein
concentration was increased from 0 to 10 mg, but it was unaltered over the incubation time; thus,
this unknown compound was already present in B, cavem ata microsomes (i.e., it was not a
metabolite o f the reaction). The shoulder was not observed in.A. elegantissim a and A.
xanthogrammica; however, the assay was optimized using B. cavem ata due to limited quantities
o f A. elegantissim a and to the particularly low activity in A. xanthogrammica.
The amount o f dieldrin detected on the HP-608 and HP-SO^ columns was similar as long
as the protein concentration was not above 7 mg protein per reaction. Above this value, it was
difhcuit to identify the appropriate integration parameters between the dieldrin peak and the
shoulder on the HP-608 column. The HP-50^ column did not contain a shoulder o ff the dieldrin
peak; however, it was a less sensitive column. The lower senshivify raised the detection
threshold o f the assay and hence reduced the abilify to detect the low rates o f activity in some o f
the A. xanthogram mica microsomal preparations. To eliminate any interference observed at
higher protein concentrations and yet ensure enough enzyme was added to remain above the
detection limit o f the assay, all samples were analyzed with 4 - 6 mg microsomal protein per
reaction. Further, all samples within a run were analyzed with the same integration parameters.
18
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Fig. 2-1. Identification o f dieldrin peak in NADPH-aldrin epoxidation reaction (with
B. cavemata) based on retention time o f a known dieldrm standard as observed by the BCD
detector o f both columns, HP-608 and HP-50^. A similar cbrom atogr^b was observed for
the NADH-reaction. Details o f column run are given in the Methods.
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Fig. 2-2. Comparison o f dieldrin peak o f NADPH aldrin epoxidation reaction (wMi 0.8 mL
B. cavem ata microsomes) as observed by die BCD detector o f both columns. A similar peak
was observed on each column widi the NADH-dependent reaction.
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The aldrin substrate contained low amounts o f contaminating dieldrin and the
microsomal protein concentration altered the extraction efficiency o f the assay. Thus, all
calculations for the rate o f activity were determined as the difference between the NAD(P)Hdependent reaction and the reaction without any cofactor (after incubating for the same length o f
tim e and with the same microsomal protein concentration). These features were particularly
important to consider in A. xanthogrammica because the activity^ was close to the detection limit
o f the assay. In fact, some o f the A. xanthogrammica replicates had artifactually negative
values. Replicates with negative values were not considered m the calculations o f the activity;
the final activities without these data points were reproducible between different batches o f
microsomal preparations.
RESULTS
Spectral Properties
The spectral properties o f the CO-liganded, DTN-reduced microsomes indicated the
presence o f cytochrome P450 in the sea anemone (Fig. 2-3; Table 2-1). A small 450 nm peak
was consistently observed in the CO-difference spectra in three species o f sea anemones: A.
elegantissima^ A. xanthogrammica, and, B. cavem ata. Quantification o f P450 requires that the
spectrum be free o f interference at 490 hm, the isosbestic wavelength between CO-liganded and
unliganded reduced microsomes. A positive absorbance around 490 nm was often observed in
the sea anemone microsomes; thus, the cytochrome P450 content in the majority o f the
microsomal preparations could not be accurately quantified by this method. Based on the
microsomal preparations that did not contain a positive absorbance at 490 nm, the columnar
region o f the sea anemone, B. cavemeaa, had a microsomal cytochrome P450 content o f about
52 pmol per mg protein.
In addition to the 450 nm peak, a predominant peak with a wavelength maxhnum
between 417 to 420 nm was consistently observed in the sea anemone spectra in the
■

.

R eproduced with perm ission o f the copyright owner. Further reproduction prohibited w ith o u t perm ission.

A.

0 .0 2 X

0.01

- -

-

0.01

- -

-

0.02

o
u

c
k
0

1

0.08 X

0 .0 6 --

o
u

c
0 .0 4 --

o(0
<

0.02

- -

0.0 0 - -

-

0.02
390

410

430

450

470

490

Wavelength (nm)

Fig. 2-3. CO-difiference spectra o f DTN-reduced ^4. xanthogrammica columnar solubilized
microsomes. Solubilized microsomes [100 mM potassium phosphate, O.IS % Triton NIDI,
15 mM NaCl, 0.1 mM EDTA, 0.1 mM DTT, and 20% glycerol] were DTN-reduced and
background corrected prior to addition o f CO. Spectra were recorded at time intervals over
a 40 minute period. (A) Spectrum recorded immediately aAerAe addition o f CO. (B) The
spectrum was recorded at 0 ,5 ,1 0 ,2 0 , and 40 minutes after addition o f CO C418' amplitude
increased with time).
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Table 2-1. Microsomal mhced-fimctioa oxidase components o f sea anemone columnar tissue.
Species

NADPH^
cyto c R

N A D ff
cy to cR

NADH'
ferri R

418'

P450“

A. elegantissim a
A. xanthogrammica
B. cavem ata

3.4 ±0.5
2.0 ±0.2
2.1 ± 0 J

12-17
15-22
9 -2 5

175 - 240
73 - 232
114- 165

45.1
30.9
114.0

52

Mean ± standard deviation.
‘ nmol/min/mg protein; cyto c R.= cytochrome c reductase; ferri R = ferricyanide reductase;
KCN was included in each reductase assay.
NADPH cytochrome c reductase assays were performed in tandem cuvettes to eliminate nonenzymatic activity.
(490-418 nm) x 1000 xm g \
pmol/mg microsomal protein.

DTN-reduced CO-liganded microsomes. In contrast to the expectations for a denatured P450
(i.e., P420), the presence of the 418 nm chromophore was not altered by the inclusion o f
antioxidants (DTT), chelators (EDTA, orfAo-phenanthroline), and proteolytic inhibitors
(aprotinin, leupeptin, pepstatin, PMSF, soybean trypsin inhibitor) in the sucrose (or glycerol)
homogenization medium (data not shown). A large 418 nm chromophore has been observed in
many aquatic invertebrates; however, currently its identic is unknown.
The sea anemone microsomal cytochrome P450 spectra were examined by both COdifference and DTN-difference spectra (Fig. 2-4). The large 418 nm chromophore was detected
by both types o f spectra regardless o f the order o f addition o f the DTN and CO; its amplitude was
not altered by the method. In contrast to the 418 nm chromophore, the detection o f the 450 nm
peak was altered by the method. In the DTN-difiference spectra, the 450 nm chromophore was
less consistently detected and when it was detected, it was not well resolved from the 418 nm
peak. The ability to detect the 450 nm peak was particularly difficult in the DTN-difference
spectra when CO was added prior to DTN.

23
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Fig. 2-4. (A) CO-dtfference and DTN-dif&rence spectra o f A. xanthogrammica columnar
solubilized microsomes: (I) CO-difference spectra (CO added prior to DTN); (2) CO-difference
spectra (DTN added prior to CO); (3) DTN-difiference (DTN added prior to CO); and, (4) DTNdifiference spectra (CO added prior to DTN). (B) Experimental protocols for determination o f
cytochrome P4S0-binding spectra. Background was corrected immediately after the first
addition o f either DTN or CO; equal quantities o f solubilized microsomes were added to test
and reference cuvettes. Samples were read immediately after die last addition o f DTN or CO.
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In the CO-di£ference spectra, the 418 and 450 nm peaks were well resolved regardless o f
the order o f addition of DTN and CO. However, a larger 450 nm peak was more consistently
observed when DTN was added prior to CO. Regardless o f the CO-difference method used, the
maximum 450 nm peak for the sea anemone was attained within 5 min and it typically was stable
for the entire 90 min assay (Fig. 2-3B). Further, the 418 nm peak slowly increased over 10 min
(CO added prior to DTN) or 20 min (DTN added prior to CO), and then began to decrease about
40 —60 min later. There was no corresponding increase in the 450 nm peak as the 418 run peak
decreased.
Reductase Activities
The sea anemones, A. elegantissim a, A. xanthogrammica, and B. cavemata, each
contained NAD(P)H-dependent (tytochrome c reductase activity and NADH-dependent
ferricyanide (b$) reductase activity (Table 2-1). Each o f these reactions was linear with respect to
protein concentration and time. A t 1 mM NADPH, the NADPH-dependent cytochrome c (P450)
reductase activity was 1.8—3.9 nmol/min/mg protein for each species o f sea anemone. In B.
cavem ata, the activity increased significantly as the concentration o f NADPH was increased.
The reaction initially plateaued between 10 —15 mM NADPH, and then continued to increase
(maximum concentration examined was 25 mM NADPH). Thus, the reductase activity reported
here is not the maximum level. Further, these data indicated the presence o f both a low and high
Km NADPH-dependent cytochrome c reductase activity. In contrast, the NADH-dependent
reductase reactions contained excess cofactor. For each species o f sea anemone, the NADHferricyanide reductase activity ranged from 73 to 232 nmol/min/mg protein, and theNADHcytochrome c reductase activity was 9 to 25 nmol/min/mg protein.
Ethoxyresomlin O-Deethylation
Both A. elegantissim a and A. xanthogrammica contained a low, but reproducible level o f
microsomal NAD^)H-dependent EROD activity (Table 2-2). The microsomal EROD activity
25
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Table 2-2. Microsomal NAD(P)H-dependent EROD activities in the sea
anemone columnar tissue.
Species
A. elegantissim a
A. xanthogrammica
B. cavem ata

NADPH"

NADH

2.28 ±0.23 (4)
0.80 ±0.17 (7)
ND(6)

1.24 ± 0 JO (3)
0.37 ±0.04 (7)
ND(6)

Mean i std. dev. (number o f microsomal preparations examined in triplicate).
*pmol/min/mg protein.
ND = not detected.

required the presence o f either NADH o r NADPH as a cofactor; thus, there was no cofactorindependent activ i^ similar to that observed in the mussel (e.g., Livingstone et al., 1989) (Fig.
2-5). Despite the higher NADH-dependent cytochrome c and ferricyanide reductase activities
observed in the sea anemone, the EROD activities were consistently higher with NADPH in each
species. In bothÆ elegantissima and A. xanthogrammica microsomal reactions, the NAD(P)HEROD activity was linear from approximately 30 to 90 min and often decreased between 90 to
120 min (Fig. 2-5). Curiously, during the initial 15 or 30 min, a decrease in fluorescence was
often observed. This "lag period" was primarily observed in reactions with lower EROD
activities, while more active samples tended to be linear over the entire reaction time. Consistent
with this finding, the length o f the "lag period" decreased as the protein concentration in the
reaction increased.
All calculations for the rate o f activity were determined from only the linear portion o f the
time course. I f measured over the entire assay (versus only the linear region), NAD(P)H-EROD
activity was often not detectable in the sea anemone. This feature could explain why Firman
(1995) reported the absence o f EROD activity in the reef-building coral, M. faveolata.

F in a lly ,

the NAD(P)H-EROD activity increased linearly with respect to protein concentration (Fig. 2-5;
NADPH, 150 to 300 pg protein per well; NADH, 150 to 400 pg protein per well). Below the
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Fig. 2-5. Effect o f cofactor concentration, protein concentration, and time on NADH- (---- )
and NADPH-dependent (—) etbo^gresoruSn 0-deaUgr|ase activity in A . xanthogrcmmica
columnar microsomes. Bars represent the mean ± 1 standard deviation o f triplicate
determinations with one representatwe microsomal preparation. The same trends were
observed in several other microsomal preparations.
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minimum protein ranges, EROD activity could be detected however, the values were very close to
the detection lim it o f the assay.
In both A. elegantissim a (~50 animals/sample) and A . xanthogrammica (1 —2
animals/sample), NAD(P)H-dependent EROD activity was detected in most o f the microsomal
preparations (Table 2-2). InÆ elegantissinuty the NAD(P)H-dependent activities were about
three times higher than the typical values for^I. xanthog^anvnica. In X xanthogrammica, the
typical EROD activity was 0.80 ± 0.17 pmol/min/mg protein with NADPH and 0 J 7 i 0.04
pmol/min/mg protein with NADH; however, there was also one microsomal batch that did not
contain EROD activity and one preparation that contained activity comparable to that observed in
A. elegantissima. Compared to NADPH, the NADH-dependent EROD activity levels were about
two times lower fo r both species. For B. cavemata, any increase in fluorescence observed in the
presence o f NADPH was so gradual that it could not be discerned as activity. Microsomes were
examined between 0 —450 pg protein per well over 0 —120 min, and regardless o f the reaction
conditions, the EROD values were close to the detection lim it o f the assay. In the presence o f
NADH, there was definitely no increase in fluorescence.
Aldrin Epoxidation
Microsomal preparations from both A. elegantissim a and B. cavem ata were consistently
capable o f metabolizing aldrin to dieldrin through an epoxidation reaction at 30 °C; aldrin
epoxidation was also observed in mostÆ xanthogrammica microsomal preparations (Table
2-3). While sim ilar activities were detected on both columns, the values reported in Table
2-3 were obtained from the HP-608 colunm. The production o f dieldrin was relatively linear with
respect to time between 0 - 7 5 min and protein concentration (see methods; Figs. 2-6 and 2-7);
dieldrin was the only metabolite detected for this reaction. In each species, epoxidation o f aldrin
required the presence o f either NADH or NADPH (Figs. 2-6 and 2-7). In most o f the microsomal
preparations examined (~ 65%), the NADPH-dependent activity tended to be slightly higher than
28
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Table 2-3. Microsomal NAD(P)H-dependent aldrin epoxidation activities in the sea anemone columnar tissue. Values are given as
the range of activity detected between different microsomal preparations (Mean activity). “
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pmol/hr/mg protein
NADH
NADPH
0.5-2.7 (1.4)
1.1-2.3 (1.6)
0.2-1.3 (0.5)**

0.7-4.2 (2.0)
0.4-2.7 (1.5)
0.5-1.5 (0.9)^

n®
4
5
6

pmol/hr/g tissue
NADH
NADPH
1.5-11.9(5,0)
5.0-8.4 (6.4)
0.2-1.5 (1.1)®

2.2-18.9(7.2)
1.5-10.1 (6.1)
1.1-3.7 (2.1)*'

Aldrin activity (mean ± 1 standard error) for each microsomal preparation are given in Appendix A (Table A-1).
n = number of microsomal preparations examined in triplicate for activity expressed per mg protein.
n ''^ number of microsomal preparations examined in triplicate for activity expressed per g tissue,
Due to A. xanthogrammica being at the detection limit of the assay, any variation in extraction efficiency strongly affected
the amount of dieldrin detected in that sample. Thus, samples that contained negative values or were much different than
others after subtracting the control (reaction without cofactor) were removed from calculation of mean. Table A-1 contains the
exact number of values removed to calculate the A. xanthogrammica activity. No values were removed determination of the
epoxidation activity in either A, elegantissima or B, cavemata microsomes.
^ 8 of 24 values were not used to calculate the mean; 1 microsomal preparation had no NADH-dependent activity.
*^5 of 24 values were not used to calculate the mean.
®6 of 18 values were not used to calculate the mean.
4 of 18 values were not used to calculate the mean.
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Fig. 2-6. HP-608 column: Effect o f cofactor concentration, protein concentration, and time on
NADH- (-----) and NADPH-dependent (—) aldrin epoxidation activity in B. cavem ata colunmar
microsomes. Error bars represent the mean ± 1 standard error o f triplicate determinations with
one representative microsomal preparation. The same trends were observed in several other
microsomal preparations.
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Fig. 2-7. HP-50'^ column: Effect o f cofactor concentration, protein concentration, and time on
NADH- (---- ) and NADPH-dependent (—) aldrin epoxidation activity in B. cavem ata columnar
microsomes. Error bars represent the mean ±. 1 standard error o f triplicate determinations with
one representative microsomal preparation. The same trends were observed in several other
microsomal preparations.
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the NADH-dependent activfty-. In contrast, there were a. few microsomal preparations fiom A.
elegantissim a and A . xanthogrammica that strongly preferred NADPH as an electron donor over
NADH (~ 30%) and only one preparation from B. cavem ata that significantly preferred NADH
over NADPH
A.

5%).
elegantissim a and B. cavem ata both contained a similar rate o f NAD(P)H-

dependent aldrin epoxidation activity^ (Table 2-3). While th e^. xanthogram mica activity was
not significantly lower than either Æ elegantissim a or B. cavem ata, many o f the microsomal
preparations had low enough activity- that any alteration in extraction efficiency o f a particular
sample would result in a replicate that appeared to be inactive (see methods). I f these individual
replicates were ignored, the remaining samples typically had similar activities even between
replicates from different microsomal preparations. Thus, when calculating the mean activities
for A. xanthogram m ica in Table 2-3, any value that had no activity or had either extremely high
or low activity as compared to the other two replicates was removed (as noted in the tables) from
the calculations for mean activity. This procedure was only done fbrÆ xanthogrammica
because the activities for A. elegantissima and B. cavem ata were substantially greater than the
detection lim it o f the assay.
In B. cavem ata and A. xanthogrammica, m ost o f the microsomal preparations had
activities sim ilar to the mean for that particular species (Table 2-3). The few samples that
deviated from the mean accounted for the wide range o f activity observed. Variation in activity
between microsomal preparations was higher in A. elegantissim a than either X xanthogrammica
or B. cavem ata. Thus, the differences among species in variability are probably not the result o f
variation between individual specimens as A. elegantissim a had the greatest number of
individuals per microsomal preparation (~ SO individuals).
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DISCUSSION
These studies demonstrate that the sea anemone colunmar microsomes contain the major
components o f a cytochrome P450-dependent MFC ^ stem . These properties include the
presence o f a characteristic CO-binding spectra sim ilar to that observed in other marine
invertebrates as well as reductase activities associated with NAD(P)H-dependent cytochrome c
and NADH-dependent ferricyanide. Sea anemone microsomes also exhibited NAD(P)Hdependent metabolism o f classical P450-substrates etho)QTesorufm O-deallqflation (EROD) and
aldrin epoxidation^ although the three species differed m their ability* to metabolize these
substrates. With regard to other aquatic invertebrates, the EROD activities (i.e., for A
elegantissima and B. cavem ata) and P450 contents were comparable; however, the aldrin
epoxidation activities were significantly lower than expected.
Spectral Properties
According to the CO-difference spectra o f DTN-reduced microsomes, each species of
sea anemone contained a 450 nm peak, characteristic o f cytochrome P450. In addition to the
450 nm peak, there was a predominant 418 nm chromophore. A chromophore near 418 nm has
also been observed in four other groups of marine invertebrates: mollusc (Cheah et al., 1995;
Kirchin et al., 1992; Koivusaari et al., 1980; Livingstone & Farrar, 1984; Livingstone et al.
»
1985; Livingstone et al., 1989; Sole et al., 1994; 1995; Stegeman, 1985; Weinstein, 1995),
echinoderm (den Besten et al., 1990), crustacean (James, 1990; Koivusaari et al., 1980;
Lindstrom-Seppa et al., 1983; Quattrochi & Lee, 1984a; 1984b; Singer et al., 1980), and annelid
(Achazi et al., 1998; Berghout et al., 1991; Nelson et al., 1976). The presence o f the 418 nm
chromophore is also consistent with results seen in the coral, F. fragum (Gassman & Kennedy,
1992); however, the amplitude o f the 418 nm peak in the coral appears to be smaller than that
typically seen in the sea anemone.
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The presence o f a large 418 nm peak has beea shown to affect the abiliQ: to detect die
P450 peak. In several invertebrates, the amount o f interference by this 418 nm peak can be
altered by the use o f DTN-dKference spectra as compared to CO-difference spectra as well as by
the order o f addition o f the CO versus DTN. For instance, the order o f addition o f the DTN and
CO was important in the mussel (Afytilus edulis) digestive gland microsomes w ith a large 418
nm peak. In the CO-difference spectra (DTN was added prior to CO), particularly high 418 nm
peak concentrations interfered with the development o f the 450 nm peak over tune and resulted in
more inconsistent estimates o f P450 concentrations. In contrast, when the mussel 418 nm peak
was small, the maximum size for die P450 peak was independent o f the order in which the CO
and DTN were added to the CO-difference spectra (Livingstone & Farrar, 1984; Livingstone et
al., 1989).
Despite the presence o f a large 418 nm peak in the sea anemone microsomes, the above
issues were not relevant because the 418 and 450 nm peaks were well resolved in the COdifference spectra, regardless o f the order o f addition o f DTN and CO (Fig. 2-4). In the sea
anemone, a maximum 450 nm peak was obtained by a CO-difference spectra as compared to a
DTN-difference spectra. The larger450 nm peak was more consistendy observed in the COdifference spectra when DTN was added prior to CO. Similarly, in the digestive gland
microsomes o f the pond snail, Lymnaea stagnalis, the CO-difference spectrum resulted in a
larger and better resolved 450 nm peak than did the DTN-difference spectrum (W ilbrink et al.,
1991). In contrast, James and colleagues (1979) demonstrated that the DTN-difference spectra
was necessary to obtain the maximum cytochrome P450 content in hepatopancreas microsomes
o f the spiny lobster, Pam dirvs argus.
According to the CO-difference spectra o f DTN-reduced microsomes, the columnar
region of the sea anemone, B. cavemata, had a cytochrome P450 content o f about 52 pmol per
mg protein (Fig. 2-3; Table 2-1). This is about a third o f the P450 content typically observed in
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the scleractinian coral, F,fragum CGassmaa & Kennecfy, 1992), although during the month
(October) in which the species was tested the coral values fluctuated randomly between 60 and
350 pmol P450 per mg microsomal protein. The authors suggested that any pattern o f
cytochrome P450 content over the reproductive cycle (which coincides with the lunar cycle) was
masked by the small sample size, high individual variation, or effects of pollutants. In contrast
to B. cavem ata and F. fragum , no Qtochrome P450 was detected in the reef-building coral, M
faveolata (Ftrcaan, 1995).
The cytochrome P450 contents observed in the above representatives o f anthozoa are
consistent with results found in annelids, echinoderms, molluscs, and in some crustaceans
(Achazi et al., 1998; Berghout et al., 1991; den Besten e t al., 1990; Fries & Lee, 1984; James,
1989; Jewell & Winston, 1989; Livingstone, 1991; Livingstone et al., 1989). For instance, most
aquatic invertebrates have cytochrome P450 levels between 20 —140 pmol P450 per mg
microsomal protein. However, the anthozoan levels were lower than those found in the
hepatopancreas (310 pmol P450 per mg microsomal protein) o f the freshwater crayfish, Astacus
astacus L. (Lindstrom-Seppa et al., 1983). Further, microsomal P450 contents comparable to
that o f the rat liver were found in the hepatopancreas o f the red swamp crayfish, Procambarus
clarkii [577 pmol/mg protein (Escartin & Porte, 1996); 720 pmol/mg protein, (Jewell &
Winston, 1989)].
The P450 content for the other two species o f sea anemone (A. elegantissim a and A.
xanthogrammica) could not be determined by the standard method because o f interference by the
absorbance at 490 nm. The 490 nm wavelength is the isosbestic point between the CO-liganded,
DTK-reduced form of cytochrome P450 and the unliganded, DTK-reduced form o f cytochrome
P450. At the isosbestic point, the two spectra have the same absorbance value. As a result the
background-corrected DTK-reduced spectra can be autozeroed on 490 nm and the addition o f
CO will not alter that zero absorbance value; hence, the addition of CO will not affect die
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absorbance value and A e difference between A e 450 and 490 nm absorbance values will reflect
Ae P450 content (450 minus 490 nm absoAance). Thus, anyAing A at alters A e absoAance at
490 nm will interA re wiA A e ability to quantitate A e P450 content.
Interference at 490 nm has also been observed m A e octopus. Octopus pallidus (Cheah
et al., 1995), and in A e mussel, Anodonta cygnea (Koivusaari et al., 1980), alAough it was not
reported for A e CO-binding spectra o f coral, F. fragum (Gassman & Kennedy, 1992).
Interference at 490 nm could be Ae result o f A e order o f addition o f CO and DTN in Ae spectral
analysis or o f an additional compound in A e microsomes A at absorbs around 490 nm. In
several echinoderms (i.e., sea star, sea cucumber, and sea urchin), Ae CO-difference spectra
where CO was added prior to DTN resulted in better spectra because background correcting
after Ae addition o f CO (prior to DTN) eliminated any baseline drift (den Besten, 1998). Drift
could cause A e overall spectra to be tilted (i.e., slope); hence, artifactually increasing Ae
absorbance at 490 nm. While baseline drift could account for A e interference observed in
several o f Ae sea anemone spectra (particularly in A. elegantissima and A. xanthogrammica),
Ae sea anemone 490 nm region often resembled a broad peak. The presence o f a peak suggests
Aat Ais 490 nm absorbance was Ae result a compound present in A e microsomes, raAer Aan
simply baseline drift.
Some investigators have suggested A e invertebrate 418 nm peak is denatured
cytochrome P450 (e.g. Gilewicz et al., 1984; Stegeman, 1985; Wilbrink et al., 1991). In
contrast, oAer investigators have suggested A e 418 nm chromophore is anoAer heme-centered
protein A at interferes wiA A e detection o f A e 450 nm peak (Berghout et al., 1991; Livingstone
et al., 1989; Nelson et al., 1976; Singer et al., 1980). Unless Ae invertebrate P420 has a
different extinction coefGcient Aan does Ae vertebrate P420 model (A e chromophore classically
ascribed to denatured P450 in various vertebrate studies), it is unlikely A at A e 418 nm peak is
entirely denatured P450. I f it were, Ae cytochromes P450 specific content in Ae sea anemone
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would be higher than that o f many marine invertebrates, given that the sea anemone has a
particularly high 418 nm peak. Furdier, the sea anemone P450 content would be roughly
equivalent to that o f mammalian microsomes. It is more likely that the 418 nm chromophore is
another heme protein [e.g., a cytochrome or a peroxidase (Applebly, 1969, Lindenmeyer &
Smith, 1964)] that may interfere with the observation o f the 450 nm peak. This hypothesis is
further supported by the presence o f the high 418 nm peak even when antioxidants, proteolytic
inhibitors, and glycerol were included in the homogenization media (e.g., Koivusaari et al., 1980).
In the mammal, the conversion o f P450 to denatured P450 can be observed as a
coinciding decrease in the 450 nm peak and increase and in the 420 nm peak. Similar to the sea
anemone, Livingstone and Farrar (1984) observed that the peaks obtained in the mussel
microsomal CO-difference spectra (CO added before DTN) attained their maximum amplitude
by 5 —10 m in after the addition o f DTN (Fig. 2-3B). In contrast, the mussel CO-difference
spectra (DTN added before CO) required more than 20 min to fully develop; during that time,
the 418 nm peak slowly decreased as the 450 nm peak developed. This coinciding increase in the
450 nm peak and decrease in the 418 nm peak was also reported in the pond snail, L. stagnalis,
and in additional studies in the mussel, M. edulis (Stegeman, 1985; Wilbrink et al., 1991), but
reported as not present in the octopus, O. pallidus (Cheah e t al., 1995), sea star, A . rubens and
M glacialis, or sea cuciunber, H. forskaR (den Besten, 1998). Stegeman (1985) suggested that
the coinciding increase in the 450 nm peak and decrease in the 418 nm peak is indicative o f a
conversion process. Such a conversion process does not appear to occur in the sea anemone. In
the earthworm, Lumbricus terrestris, Berghout et al. (1991) detected a significant increase in the
450 nm peak with time, especially in their semi-purified P450 fractions. However, these authors
did not mention a coinciding change in the 418 nm peak even though it was a m ajor chromophore
in their crude microsomal preparations. They suggested that the increase in the 450 nm peak
over time was a result o f the invertebrate cytochromes P450 being reduced at a very slow rate.
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Regardless o f the identity^ o f the 418 nm chromophore and the interference at 490 nm,
each species o f sea anemone contained a 450 nm peak indicative o f cytochrome P450. However,
the estimated P450 values may not reflect the true values because several studies have
demonstrated that additional heme-centered proteins in the microsomes can interfere with the
detection o f the P450 content (e.g., Achazi et al., 1998; Ade etal., 1982; Berghout et al., 1991;
Liimatainen & Hanninen, 1982; Nelson et al., 1976; Schenkman & Kupfer, 1982). Thus, it
may be necessary to remove this compound(s) to accurately estimate the P450 content in these
sea anemone. The presence o f the 418 nm chromophore and the interference o f the 490 nm
absorbance may be the result o f the same compound.
Reductase Activity
The presence o f the microsomal MFO components in the sea anemone provide further
evidence for the existence o f cytochrome P450 in the cnidaria. A. elegantissim a, A.
xanthogrammica, and B. cavem ata each contained reductase activity associated with NAD(P)Hdependent cytochrome c and NADH-dependent ferricyanide (b$) in the microsomal fraction
(Table 2-1). There are no other reports o f these MFO components in cnidarians.
The NADPH-dependent cytochrome c (P450) reductase activity was 1.8 —3.9
nmol/min/mg protein for each species o f sea anemone at 1 mM NADPH. The range o f NADPHdependent cytochrome c reductase activity in most invertebrates is approximately 2 - 1 2
nmol/min/mg protein; thus, the reductase activity in the sea anemone is at the lower end of the
range observed in most invertebrates studied (Escartin & Porte, 1996; Kirchin et al., 1992;
Livingstone, 1991; Sole et al., 1994; Yawetz et al., 1992). Reductase activities much higher
than this range have been reported in the earthworm (L. terrestris), the barnacle (13a/anur
ebtfm eus), and several molluscs (Berghout et al., 1991; Michel et a l, 1993; Sole et al., 1994;
Stegeman & Kaplan, 1981; Vrolijk & Targett, 1992).
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For each species o f sea anemone, the NADH-:ferricyantde reductase activity ranged
from 73 to 232 lunol/min/mg protein, while the NADH-cytochrome c reductase activity was
9 to 25 nmol/min/mg protein. These sea anemone redactase activities were sim ilar to activities
observed in the sea urchin. Echinus esculintus, but signifrcantty lower than those observed in
other invertebrates (den Besten et al., 1990). The NADH-ferricyanide reductase activities in
molluscs and other echinoderms were between 360 —2300 nmol/min/mg protein, while the
NADH-cytochrome c reductase activities in the molluscs, crustaceans, and other echinoderms
were between 3 2 —400 pmol/min/mg protein. Although most invertebrates fell in the lower end
o f these ranges, their activities were still significantly higher than the activity observed in the sea
anemone (den Besten et al., 1990; Jewell & Winston, 1989; Kirchin et al., 1992; LindstromSeppa etal., 1982; 1983; Livingstone, 1985; Livingstone & Farrar, 1984; Livingstone etal.,
1985; Stegeman, 1985; Stegeman & Kaplan, 1981).
In vertebrates, the critical reductase in P450 activity is the NADPH-cytochrome P450
reductase (activity measured as NADPH-cytochrome c reductase), while the NADH-reductases
are ancillary reductases (e.g., Lewis). In invertebrates, the MFO reductases have not been
characterized; however, in contrast to vertebrates, invertebrates can often readily utilize either
NADH or NADPH as an electron donor for MFO activities. In sea anemones, the NADPHcytochrome c reductase activities were comparable to the other marine invertebrate values,
whereas the NADH-cytochrome c and ferricyanide reductase activities were significantly lower
than other marine invertebrates. Despite these low NADH-reductase activities, these sea
anemone species were capable o f utilizing both NADPH and NADH as an electron donor for
metabolism o f both ethojtyresorufin and aldrin. Relatively low reductase activities in
invertebrates as compared to vertebrates are thought to be part o f the cause for relatively low
P450-dependent activities in the invertebrates. In support o f this idea, refortifîcation o f
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crustacean microsomes with purified mammalian (^ochiom e P450 reductase significantly
increased the rate o f EROD activity (James, 1984; 1989; 1990).
Ethoxyresorafin O-deethybtion
The sea anemone,

elegantissim a and. A. xanthogrammica, contained microsomal

NADPH-dependent EROD activities relatively sim ilar to rates observed in most aquatic
invertebrates (e.g., annelids, crustaceans, various molluscs) (Tables 2-2 and 2-4). The activities
for these invertebrates ranged between 0 —6 pmol/min/mg protein. In contrast sea anemone
EROD activities w ere 10—20 times lower than rates reported in gastropods. Patella caendea
and Avicularia gibbosula, bivalves, Brachidontes variabilis and D onax trunculus (Yawetz et
al., 1992), and the sandworm. Nereis virens (Reily et al., 1992). In the molluscs, the activity
varied with the collection site fi’om 0 to 60 pmol/min/mg protein; thus, the particularly high
EROD activities may have been due to exposure to xenobiotics (Yawetz et al., 1992). A similar
effect o f exposure could also account for the higher activity in the sandworm, N virens.
Comparisons with the NADH-dependent EROD activity in.^. elegantissim a andÆ
xanthogrammica cannot be made because it has not been examined in other marine invertebrates.
Endogenous inhibitors have been cited as the reason for low EROD activity in
crustacean hepatopancreas (Bend et al., 1981; James et al., 1979; Lindstrom-Seppa et al., 1982;
1983; Payne, 1977). When spiny lobster hepatopancreas microsomes were incubated with
sheepshead liver microsomes, the fish liver microsomes showed a decrease in the NADPHdependent EROD and B[a]P hydroxylase activities (James et al., 1979). In contrast, when sea
anemone microsomes were incubated with rat liver microsomes, the NADPH-dependent EROD
activity was actually greater than the expected value based on an additive effect (data not
shown). Thus, unlike in the spiny lobster, the presence o f endogenous inhibitors in the sea
anemone was not apparent.
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Table 2-4. Microsomal NADPH-dependent EROD activity^ in invertebrates.
Species^

pmol/min/mg protein

C nidarian
coral {M ontastraeafaveolatd)
M ollusc
Octopus (Octopus pallidus)
Octopus (O. pallidus)
Mussel (M edidis)
Calico clam (M. maculatd)
Bermuda mussel (A. zebra)
Pond snail (L. stagnalis)
Gastropod (C. gftbosuni)
Chiton (Crytochiton stellerî)
Gastropod (X. stagnalis)
Gastropod (P. caerulea)
Gastropod (A gfbbosula)
Bivalve (B. variabilis)
Bivalve (D. trunculus)

Reference

below detection

Firman, 1995

1.4-4.82
0.18-0.32
5
below detection
below detection
below detection
below detection
below detection
95± 33
53 ±25
35 ±39
48 ±22
24±7

Cheah et al., 1995
B u t^ & Holdway, 1997
Stegeman, 1985
Stegeman, 1985
Stegeman, 1985
Wilbrink et al., 1991
Vrolijk & Targett, 1992
Schlenk & Buhler, 1989
Meimberg et al., 1997
Yawetz et al., 1992
Yawetz et al., 1992
Yawetz et al., 1992
Yawetz et al., 1992

C rustacean
Crayfish (P. clarkii)
Crayfish (P. clarkii)
Crayfish (A. astacus)
Crab (Carcinus aestuaril)
Blue crab (C. sapidusŸ
stomach
hepatopancreas
Spiny lobster (P. argus^

0.7 ±0.6
0.51 ±0.24
below detection
0-50 (exposed)

Escartin & Porte, 1996
Porte & Escartin, 1998
Lindstrom-Seppa et al., 1983
Fossi et al., 1998

2.6
below detection
28-98

Singer et al., 1980
Singer et al., 1980
James, 1984; 1989; 1990;
James & Little, 1984

Annelid
Earthworm (L. terrestris)

below detection

Sandworm (K virens)
Tiger worm (Eisenia f . fetid d )
Pot worm (Enchytraeus crypticus)
Terretrial annelid

30
traces levels
3.98 ± 0.55
15.41 ±9.48

Berghout et al., 1991;
Liimatainen & Hanninen, 1982
Reily et al., 1992 (abstract)
Achazi et al., 1998
Achazi et al., 1998
Hellwig*'

Microsomes were prepared from mollusc digestive gland, crustacean hepatopancreas (except
blue crab), earthworm and sandworm midgu^ tiger worm and pot worm whole body.
' Microsomes were sodium cholate-solubilized, then fortified with mammalian reductase.
Data given as personal communication in Achazi et al., 1998.
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Large variation between individuals in MFO activ i^ is common in studies o f marine
invertebrates (e.g., Kreiger et al., 1979; Michel et al., 1991), and may have played a role in the
NAD(P)H-dependent EROD activities in this study. For instance, values were consistent
between different microsomal batches o f A. elegantissima; in contrast, while the typical activity^
o f A. xanthogrammica was about one-third that o f A . elegantissim a, one sample had almost no
activity and another had activity comparable to the level observed in A, elegantissima (Table
2-2). These differences could have resulted fiom the A . xanthogrammica microsomes being
prepared from one or two individuals instead of approximately SO individuals, as occurred with
the smaller species, A. elegantissim a.
In the vertebrates, there is an extremely strong preference for NADPH as the electron
donor in the MFO system, but several aquatic invertebrates can use NADH instead (e.g., den
Besten et al., 1994; Jewell & Winston, 1989; Lindstrom-Seppa et al., 1983; Livingstone, 1991;
Wilbrink et al., 1991). In fact, NADH was shown to be the preferred cofactor for B[a]P
hydrojQ^lase activity in the crayfish, P. clarkii, and in the sea star, Asterias rubens (den Besten et
al, 1994; Jewell & Winston, 1989). Nevertheless, the preference for NADH in aquatic
invertebrates appears to vary between substrates, species, and tissues. For instance, the
NADPH-dependent EROD activity was about two tim es higher frtan the NADH-dependent
EROD activity in A. elegantissim a and A xanthogrammica (Table 2-2). The preference for
NADPH in these species is consistent with the NAD(P)H-dependent hydroxylation of B[a]P
activity in sea anemone microsomes (Winston et al., 1998).
Microsomal NADPH-dependent EROD activity^ appeared to be lacking in a third species,
B. cavemata, suggesting that the ability^ to detect P450 activity in sea anemones can vary
depending on the species examined. While lacking EROD activity, B. cavem ata is capable of
catalyzing B[a]P hydro^tylation (Winston et al., 1998) and its microsomes contain a protein
recognized by the monoclonal mouse anti-Scup CYPlA (Heffeman et al., 1996). In vertebrates.
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ethoQTOSorufin and B[a]P are both specifically metabolized by the CY Pl A isofonns (Burke et
ai., 1994; Lewis, 1996); thus, given the presence o f CYPl A in B. cavemcüa, it is surprising that
this species does not appear to have EROD metabolism.
Currently, it is unclear whether the marine invertebrate cytochromes P450 are inducible
because induction studies m those organisms have yielded conflicting results (e.g., Livingstone,
1991). However, based on western blots probed with a fish CYPl A antibody, the putative lA
isoform is not induced in the sea anemone, B. cavem ata, afier exposure for three days to 3methylcholanthrene (20 mg/kg) (Hefifeman et al., 1996). In contrast, B[a]P hydroxylation
activity reported for coral, F. jragum , collected in the Florida Key Largo Marine Sanctuary fiom
the polluted Kemphouse Reef was over three times greater than for coral collected fiom the
relatively pristine South Caryfort Reef. The more inshore site, Kemphouse Reef, contained
3 - 1 5 times more polyaromatic hydrocarbons and pesticides than did the South Caryfort Reef;
thus, these authors suggested that the increase in activity was associated with an induction in
MFO activity in the coral. However, there was no coinciding increase in P450 content with the
increase in B[a]P activity (Gassman & Kennedy, 1992). In any evenL the B. cavem ata were
collected fiom a site heavily contaminated with petroleum products, whereas both^.
elegantissim a and A. xanthogrammica were collected from relatively pristine sites. Thus, if
induction were a factor in the EROD results for these species, the results were contrary to
expectations.
Aldrin Epoxidation
In addition to metabolizing ethoxyresorufin through an Odealkylation reaction, the sea
anemone can convert aldrin to dieldrin through an epoxidation reaction (Table 2-3; Figs. 2-6 and
2-7). Dieldrin was the only metabolite produced, which is consistent with results found in the
earthworm, Lum bricus terrestris L. (Nelson et al., 1976). The presence or absence of additional
metabolites was not mentioned in other aquatic invertebrate aldrin epoxidation studies (Bums,
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1976; Carlson, et ai., 1974; Khan et al^ 1972a, 1972b; Kreiger et ai., 1979). Dieldrin bas been
shown to be further metabolized in the rat, but a t such a slow rate that the concentration o f
additional metabolites was negligible durmg the mcubation times o f an in vitro stucfy* (W olff et
al., 1979).
Aldrin epoxidation activity was detected in each microsomal preparation fiom A.
elegantissim a and B. cavem ata and most microsomal preparations fiom A. xanthogrammica
(Table 2-3). In each species, the epoxidation o f aldrin to dieldrin required either NADH or
NADPH (Table 2-3; Figs. 2-6 and 2-7). W hile most o f the microsomal preparations did not
have a strong preference for either NADPH or NADH, there were some microsomal preparations
that either strongly preferred NADPH or NADH. The difference in preference for a particular
cofactor as an electron donor may be a result o f aldrin being metabolized by multiple P450
isoforms. It is impossible to compare these aldrin results to other marine invertebrates because
other studies only examined NADPH as a potential cofactor for aldrin epoxidation (Bums, 1976;
Carlson et al., 1974; Khan et al., 1972a; 1972b; Kreiger et al., 1979; Nelson et al., 1976).
Those studies were done prior to the recognition that invertebrates are capable o f effectively
using NADH as an electron donor in the metabolism o f P4S0-substrates (e.g., den Besten et al.,
1994; Jewell & Winston, 1989; Lindstrom-Seppa etal., 1983; Livingstone, 1991; Wilbrink et
al., 1991; Winston et al., 1998).
In addition to a difference in preference for a particular cofactor between different
microsomal preparations, there were several preparations that varied more fiom the mean
activity for that species. This variability does not seem to be the result of individual variation as
the highest degree o f variability was observed in A. elegantissima^ which also contained the
greatest number o f individuals within a microsomal preparation (~ SO individuals). In addition
to individual variation, there are many factors that could contribute to variation in the MFO
properties. For instance, the P450 contents and activities have been shown to vary with season,
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exposure to pollutants, developmental status, and availability o f food (e.g., Kirchin et al., 1992;
Sole et al., 1995; Stegeman & Hahn, 1994; Weinstein, 1995). The variability within some
preparations along with the difference in preference for a particular cofactor could result from
the sea anemone microsomes containing multiple dKferentially-expressed P450 isoforms that are
capable o f metabolizing aldrin.
There was some variation between samples due the extraction differences; however, most
o f these differences were eliminated by taking extreme care in extracting the samples under
identical conditions. The literature is o f limited value in resolving the cause o f the wide variation
in activities. In addition to only examining the effect o f NADPH on aldrin epoxidation, most
such studies on marine invertebrates also reported only an average value of activity (Khan et al.,
1972a; 1972b; Kreiger etal., 1979; N elson etal., 1976). Low variation was seen in the fiddler
crab {Ucapugnax), but given that high variation was reported in the lobster (H. americanus) the
sea anemone results are probably not artifkctual (Bums, 1976; Carlson et al., 1974).
The presence o f aldrin epoxidation activity in the sea anemone (i.e., A. elegantissima, A.
xanthogrammica, and B. cavem ata) is consistent with an in vivo study that demonstrated the
freshwater hydra, H. littoralis, can convert aldrin to dieldrin, presumably by MFO activity
(Khan et al., 1972b). In vivo exposure o f the hydra to 0.1 ppm aldrin for 2 hours resulted in
uptake of 46.2 ng aldrin per animal and 2.6% o f the aldrin was metabolized to dieldrin. This
rate o f aldrin epoxidation in the hydra was comparable to that observed in planaria, annelida, and
Crustacea (Isopoda), but approximately 2 to 3 times less than for the other classes o f Crustacea
and about 6 to 8 times lower than in th e fivshwater mussel (Anodonta sp.) and snail (Lymnaea
sp.) (Khan et al., 1972b). In contrast to this in vivo study, the rate o f in vitro aldrin metabolism
by the microsomal fiaction o f each o f these sea anemone species was significantly lower than
values reported in other marine invertebrates (Bums, 1976; Carlson et al , 1974; Khan et al.,
1972a; 1972b; Kreiger et al., 1979; N elson et al., 1976).
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There are many potential explanations for the lower activity in the sea anemone in
addition to the possibility that the seaanem one is not particularly efficient at fois reaction. For
instance, the sea anemone microsomes may contain an endogenous inhibitor to foe P4S0
isoform(s) involved in aldrin epoxidation. Endogenous inhibitors have been found in several
species o f crustacean (Bend et al., 1981; James etal., 1979; Lindstrom-Seppa et al., 1982; 1983;
Payne, 1977). Although endogenous inhibitors were not found in the sea anemone for isoforms
that metabolize ethoxyresorufin, their presence was not examined with the aldrin reaction. P4S0
inhibitors are known to have different degrees o f specificity for a particular P450 isoform (Ortiz
de Montellano, 1995); thus, an endogenous inhibitor may inhibit aldrin epoxidation and not
EROD activity. Further, in other organisms, foe ability to obtain high, reproducible activities
required specific assay conditions. For instance, foe epoxidation of aldrin in a crayfish,
Cambarus, a mussel, Anodonta, and the sandworm, N. virens has been shown to have a very
narrow ideal pH range (Khan et al., 1972b; Nelson et al. 1972); the activity was much lower
outside o f this pH range. While the pH range used in this study was identical to the pH from
these studies, it is possible that foe optimum pH for foe sea anemone is different. Further
analysis would need to be performed prior to eliminating either o f these possible explanations.
O f course, foe simplest explanation is that foe sea anemone does not metabolize aldrin as
well as most marine invertebrates. The particularly low rate o f metabolism in foe sea anemone
would be consistent with several field studies on coral. These field studies reported that coral
rapidly bioaccumulate polyaromatic hydrocarbons and pesticides, but slowly eliminate these
compounds (Knap et al., 1982; Solbakken et al., 1982; 1983; 1984; 1985). Given foe
physiological similarities between sea anemones and corals, field studies would probably
demonstrate sim ilar results in sea anemone. Even so foe sea anemone is capable o f
entymiatically converting aldrin to dieldrin. There is no disputing that foe activity was linear
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with respect to time and protein concentration, required either NADH or NADPH, and was
consistently observed in both A. elegantissima and

cavem ata.

Conclusions
These results demonstrate that the sea anemone columnar microsomes contain the major
components characteristic o f a cytochrome P450-dependent MFO system. These properties
include the presence o f a characteristic CO-binding spectra sim ilar to that observed in other
marine invertebrates and reductase activities associated with NAD(P)H-dependent cytochrome c
and NADH-dependent ferricyanide. The ability o f sea anemone microsomes to metabolize two
classical P4S0-dependent MFO substrates, ethotyresorufin and aldrin, clearly demonstrates that
the sea anemone microsomes contain a functional P450. In each o f these species, there was no
NAD(P)H-independent activity similar to that observed in mollusc (e.g., Livingstone et al.,
1989). There was a strong preference for NADPH as compared to NADH as a cofactor for the
EROD activity. In contrast, only minor differences in NADH- versus NADPH-dependent aldrin
activity were detected in most microsomal preparations.
The differences in metabolism of ethoxyresorufin and aldrin could be explained by the
presence of multiple P450 isofbrms in the sea anemone. For instance, they could account for the
marked difference in cofactor preference between the EROD and epoxidation reactions. Further,
the ability o f several o f these isoferms to metabolize aldrin would explain the variability in rate
o f activity as well as the cofactor preference between the different microsomal preparations
within a species. Finally, there were clearly differences in the ability o f these three species to
metabolize these substrates, suggesting that the isoforms present in each o f these species may be
different or at least expressed to different degrees.
The estimates o f P450 content and activity in the anthozoans may be considerably lower
than the true values. In the anthozoan, the cytochrome P450 content was determined feom
microsomes prepared fiom either the entire animal (corals) or the columnar region o f the
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organism (sea anemones), while microsomes o f other organisms were prepared fiom specific
organs where the cytochromes P450 tend to concentrate. The cytochromes P4S0 may be
concentrated in a particular tissue; if so, they would be diluted in the sea anemone microsomal
preparations. However, due to the lack o f organs in the cnidarian and to their amorphic and nonrigid structure, it is difficult to isolate a specific tissue for microsomal preparation. Microsomes
from the anthozoan and other invertebrates also suffer fi*om P4S0 being more closely associated
with the digestive system. Therefere, the P4S0 is more susceptible to degradation by endogenous
proteolytic enem ies.
The CO-binding spectral properties, reductase activities, and NAD(P)H-dependent
metabolism o f classical cytochrome P450 substrates (i.e., aldrin epoxidation, B[a]P
hydroxylation, ethoxyresorufin O deallylation) o f earlier sea anemone microsomal studies
(Gassman & Kennedy, 1992; Heffeman et al., 1996; Khan et al., 1972b; Winston et al., 1998)
and this study support the presence o f cytochrome P450 in the cnidarians. The failure o f some
studies to detect the presence o f an MFC system in the cnidarian may have been due to problems
with the conditions o f the assays rather than to a true lack o f activity. A similar situation
occurred when Payne (1977) did not detect B[a]P activity in the mussel (A£ edulis), while
several more recent studies with this mussel have reported B[a]P activity (e.g. Lemaire et al.,
1991; Livingstone et al., 1991; Livingstone et al., 1989). Prior studies reporting an absence of
P450 in the cnidarian, did so based a single species with a single substrate. This study indicates
that a broad conclusion, such as the absence o f P4S0 in a phylum, cannot be drawn from the lack
o f metabolism o f one substrate in one species.
Several potential explanations exist for why early studies did not detect the MFO system
in the cnidarian. First, in mostmetazoans, cytochrome P4S0 tends to concentrate in particular
organs. As previously discussed, it is difficult to isolate P450 from discrete regions o f the
cnidarians. Second, in experiments that tested many organisms from several different phyla,
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enuqrmatic assays and tissue preparation were typically optimized for one organism and all other
animals were analyzed under the same conditions. Particularly in organisms with low MFO
activity, establishing optim al conditions can be critical. For instance, this research indicates that
the detection o f MFO activiQr in the cnidarians requires longer incubation times, during which
the MFO activity remained linear. Third, because the invertebrate cytochromes P450 tend to
concentrate in the digestive and reproductive system, the lack o f optimal buffer conditions (i.e.,
protease inhibitors and reducmg agents) could prevent isolation o f a functional protein (e.g.,
Livingstone, 1991). This problem is further compounded in the cnidarian because it is
essentially a large digestive sac. Finally, Lee (19S1) suggested that sea anemones may contain
endogenous inhibitors o f cytochrome P4S0 that are released upon homogenization. The presence
o f endogenous inhibitors o f the MFO system has been reported in the hepatopancreas o f several
crustaceans (Bend et al., 1981; James etal., 1979; Lindstrom-Seppa etal., 1982; 1983; Pohl et
al., 1974). While the EROD data indicated that the sea anemone columnar region microsomes
do not contain any endogenous to P4S0 isoforms involved in ethoxyresorufin metabolism, their
presence was not examined with the aldrin epoxidation reaction. Endogenous inhibitors to P450
isoforms involved in aldrin epoxidation could account for the low epoxidation activity.
In conclusion, despite the lack o f MFO activity reported in anthozoans and scyphozoans
by several cnidarian studies (Firman, 1995; Lee, 1975; Lee, 1981; Payne, 1977), other studies
indicate that anthozoans and hydrozoans do contain a functional cytochrome P450-dependent
MFO system (Gassman & Kennedy, 1992; HefiTeman e t a l , 1996; Khan etal., 1972b; Winston
et al., 1998; present study). The evidence is based on the presence o f proteins that cross react
with cytochrome P450 antibodies, a characteristic CO-difforence spectra in DTN-reduced coral
and sea anemone microsomes, active compliments o f MFO components (i.e., P450 and b^
reductases), and metabolism o f classical cytochrome P450-catalyzed reactions (i.e.,
ethoTQTesorufin O-deallgflation, B[a]P hydroxylation, and aldrin epoxidation). Although the
'
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aldrin epoxidation activer was lower than values obtained from other marine invertebrates, it is
interesting that the P4S0 content and EROD activity does not differ substantially from most
other invertebrates, despite the fact that cnidarian microsomes are composed o f either the whole
animal (i.e., hydra, coral) o r the entire columnar region (i.e., sea anemone).
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Chapter 3: Distribution o f Microsomal CO-bindihg Chromophores and EROD Activity in
Sea Anemone Tissnes from Anthopteura xanthogrammica
INTRODUCTION
Cytochromes P4S0 have a wide tissue distributioa in aquatic invertebrates; however, they
tend to be m ost concentrated in tissues associated with processing fixxl or pollutants. This has
been demonstrated in several species o f molluscs (Livingstone & Farrar, 1984; Schlenk &
Buhler, 1989; Stegeman, 1985), crustaceans (Bums, 1976; James, 1989; Jewell & Winston,
1989; Khan e t al., 1972a; 1972b; Lindstrom-Seppa et al., 1983; Stegeman & Kaplan, 1981), and
annelids (Fries & Lee, 1984; McElroy, 1990; Nelson et al., 1976). Based on these studies, the
P450 content and mixed-function oxidase (MFO) activities are often 2 to 10 times lower or even
not detectable in tissues that do not process food or pollutants. In contrast, two aquatic
invertebrate studies have reported that the P450 content and P450-dependent activities are not
concentrated in any particular organ (Schlenk & Buhler, 1989; den Besten et al., 1990).
Recent studies have demonstrated the presence o f a functional cytochrome P450dependent MFO system in at least five species o f sea anemone and in a scleractinian coral
(Phylum Cnidaria; Class Anthozoa). The evidence is based on the presence o f the P450dependent MFO system components (i.e., cytochrome P450 and flavin-containing reductase
activities) in the microsomal fraction o f these organisms, and on their ability to catalyze three
reactions (ethoxyresorufin O-dealkylation, benzo[a]pyrene hydroxylation, and aldrin
epoxidation) that are specific for cytochrome P450 (Gasssman & Kennedy, 1992; Heffeman &
Winston, 1998; Heffeman et al., 1996; Winston etal., 1998; previous chapter). However, those
cnidarian P450 studies were performed on microsomal preparations from either the whole animal
(coral) or the entire columnar region (sea anemone) rather than on microsomes from specific
tissues that might concentrate P450.
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The cnidarians have evolved only to the tissue level o f development; thus, t h ^ lack
discrete organs. Sea anemones are morphologically a large digestive sac surrounded by a nerve
net work, a gonadal region, a thick muscular region, and a tough outer wall parues, 1980;
Shick, 1991). Based on its physiology, the sea anemone could be expected to concentrate P450
in either the mesentery filaments (important for internal and external digestion) or the imperfect
and perfect mesentery (hnportant for absorption o f nutrients, further processing o f food, and
lipid storage). The particularly high concentration o f lipids in the perfect mesentery would tend
to concentrate pollutants; thus, this tissue could play a role in metabolism o f these pollutants.
The purpose o f this study was to provide a preliminary analysis o f the relative
distribution o f P450 in four general tissue regions. A. xanthogram mica was analyzed because its
large size made it amenable to dissection. This species has been shown to contain spectral
properties characteristic o f P4S0 and to perform a classical P4S0 metabolic reaction,
ethoxyresorufin (9-dealkylation (EROD).
METHODS
Anthoplewra xanthogrammica were obtained from North Coast Invertebrate Collectors
(Bodega Bay, CA) and maintained in a recirculating system with Instant Ocean"™ sea water at
approximately 3496o salinity and 12 °C. The amorphic and non-rigid structure o f these
organisms makes it difRcult to dissect out distinct tissues; thus, the four regions studied herein do
not consist o f one tissue. Instead, they consist o f four mixed tissue regions that are referred to as
the tentacle, soft, inner, or outer region. To isolate these regions, the animal was cut vertically
through the center o f the column (Fig 3-1). The tentacles, which include the nematocysts and
most individuals o f the symbiont (algae or diatom), were removed as the first region. The second
tissue region consisted o f the softest tissues, which had absolutely no structure (Le., digestive
sac, gonads, mesentery filaments, and acontia w ith their associated nematocysts). After
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Fig. 3-1, Cross-section of sea anemone showing intertwining of connective tissue with other tissues. The algae or diatom symbiont is
predominantly in the tentacles with some also concentrated in the oral disc (modified from Shick, 1991).

removing as much o f the soft tissues as possible, the fibrous inner region (i.e., perfect and
imperfect mesentery and retractor muscle) was separated from the tough outer layer (i.e., tough
outer muscle and skin, oral disk, and basal disk). As described in Chapter 2, the various tissue
regions were immediately immersed in homogenization buffer. Microsomal ftactions were
prepared from each o f the four tissue regions o f two individuals, except that the tentacular region
was not saved from the second animal. These microsomal fractions were analyzed for their
protein concentration, EROD activity, and CO-difference, DTN-reduced spectral properties
(DTN added prior to CO) between 390-700 nm.
RESULTS
The CO-difference spectra o f DTN-reduced sea anemone microsomes contained a 450 nm
chromophore indicative of P450 in each o f the tissue regions (Fig. 3-2). Further, the 450 nm
peak always reached its maximum amplitude immediately and did not change within 40 min.
Quantification o f the P450 content by classical methods requires an absence o f interference with
the absorbance at 490 nm (see Discussion). The 490 nm absorbance was altered by two
features: the presence o f a broad 490 nm peak in some of the tissue regions, similar to that
observed in the sea anemone microsomes prepared from the entire columnar region; and, a
tendency for the baseline o f the spectra to slope. Therefore, the P450 content was not based on
the absorbance difference between 450 and 490 nm, but on the change in the absorbance
maximum at 450 nm and a baseline drawn tangent to that o f the spectrum (Fig. 3-2). Based on
this method, the P450 content in each o f these tissue regions was estimated to be between
16 —31 pmol/mg microsomal protein (Table 3-1). There was no significant tendency fi>r P450
to concentrate in any particular tissue region, although the P450 content was a little higher in
both the soft and inner regions.
There was a predominant chromophore at 418 nm associated with each tissue region (Fig.
3-2; Table 3-1). In contrast to the 450 nm chromophore, the 418 nm chromophore was
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Fig. 3-2, CO-difference spectra of DTN-reduced solubilized microsomes {A. xanthogrammica) prepared from four tissue
regions; soft, S; inner, I; outer, 0 ; and tentacle, T. Tangent lines used for quantifying P4S0 content are shown. (A)
Comparison of Soret region (380-500 nm) for all four tissue regions. (B) Enlargement of spectra obtained from the soft,
inner, and tentacle regions to improve measurements. Microsomes were solubilized in 100 mM potassium phosphate, 0.15
% Triton N 101,15 mM NaCI, 0.1 mM EDTA, 0.1 mM DTT, and 20% glycerol.

Table 3-1. Quantitation o f microsomal cytochrome P4S0,418 nm chromophore,
and NAD(P)H-ER0D activities in A. xanthogrammica tissue regions.

2

Tissue Regions

P450‘

individual
outer muscle
inner region
soft region
tentacles

29

“*individual*^
outer m uscle
inner region
soft region

418'’

NADPH"
EROD

NADH"
EROD

0.17

16

64
4
3
4

1.09
2.61

0.09
0.27
0.26
0 J 6

16
31
31

89
9
15

1.69
1.48
1.46

0.27
0.47
0.48

22

22

0 .6 6

' pmol/mg protein; calculation from baseline, instead o f490 nm absorbance.
*’ (490-418 nm) x 1000 x mg
pmol/min/mg protein; performed in triplicate.
Tentacle region removed, but microsomes were not prepared..

significantly higher in amplitude in the tough outer region o f the sea anemone than in any o f the
other regions. Further, the amplitude o f the 418 run peak slowly increased over 20 to 30 min
after the addition o f CO to the sample to a final amplitude that was alm ost two times larger than
the initial peak. The 450 nm peak reached its maximum amplitude immediately after addition o f
CO and remained stable for the entfre assay (data not shown).
Cytochromes contain characteristic chromophores in the 500-700 nm region o f the
spectrum as well as between 380-500 nm (soret region). The inner, outer, and soft tissue regions
contained chromophores in the 500-700 nm range under CO-difference, DTN-reduced
conditions; however, the spectra detected were quite different for each tissue region (Fig. 3-3).
The outer region contained two distinct peaks at 535 and 569 nm with a trough at 555 nm. The
soft region only contained one well-defined peak with a wavelength maximum (X

) at 548 nm,

at least two overlapping peaks between 570-640 nm (A ^ 576 and 599 nm), and a peak at about
660 nm (no clear X— ). Finally, the inner region contained one distinct peak at 615 nm and some
..
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Fig. 3-3. CO-difference spectra (500-700 nm) o f DTN-reduced of solubilized microsomes
representing three o f the four tissue regions o f A. xanthogrammica i outer, O; inner. I; and, soft,
Microsomes were solubilized in 100 mM potassium phosphate, 0.15 % Triton N lO l,
15 mMNaCl, 0.1 mM EDTA, 0.1 mMDTT, and 20% glycerol.
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positively absorbing chromophores above 660 nm. The tentacle region was not analyzed. The
presence o f different spectral properties within this spectral region is indicative o f the presence o f
additional heme-centered proteins in the sea anemone microsomes.
NAD(P)H-dependent EROD activity was detected in each tissue region, with NADPH
being the preferred cofiictor (Table 3-1). There was no cofactor-independent activity. Unlike the
columnar microsomes, there was no initial decrease in fluorescence between 0 —15 min prior to
detecting a linear increase in fluorescence between 20 —60 min. Instead, the EROD activity was
linear for the entire reaction (0 —60 min) for each tissue. Within each animal, results for the
iimer and soft regions were comparable, although values were somewhat higher for animal #2 .
The oirter region had very low NAD(P)H-EROD activity in animal #1, but high activity in
animal #2. The tentacle region had the highest NADPH-EROD activity and high NADH-EROD
activity.
Each o f the tissue regions was capable o f metabolizing ferulic acid, presumably by
peroxidase(s); however, the differences in the rates of metabolism were minor. In contrast, while
a low rate of caffeic acid metabolism was detected in sea anemone microsomes of the entire
columnar region, the caffeic acid activity in these tissue regions was below the detection limit o f
the assay (data not shown; peroxidase assay described in Chapter 4).
DISCUSSION
The CO-difference spectra o f DTN-reduced sea anemone microsomes indicated that P450
is present in each tissue region (Fig. 3-2; Table 3-1). Quantification o f P450 by standard
methods used for vertebrate analysis o f P450 (e^jq^go = 91 cm ' mM ') requires that the spectrum
be free of interference at 490 nm. This wavelength is the isosbestic point between CO-liganded
reduced microsomes and unliganded reduced microsomes, and it is classically used to quantify
the change in absorbance o f the 450 nm chromophore. At the isosbestic point, the two spectra
have the same absorbance value, so the background-corrected DTN-reduced spectra can be
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autozeroed on 490 nm and the addition o f CO w ill not alter that zero absorbance value. As a
result the difference between the 450 and 490 nm absorbance values will reflect the P450
content (450 minus 490 nm absorbance), not any effect from the addition o f CO.
Since the 490 nm absorbance is the point used to quantitate P450, anything that alters the
absorbance at 490 nm will interfere with quantitation o f the P450 content. Thus, the tendency of
the overall baseline o f the spectrum to slope and the presence o f a broad 490 nm chromophore
prevented the quantification o f P450 by the classical m ethod. Similar complications have also
been observed in other marine invertebrates (e.g., Cheah e t al., 1995; Heffeman & Winston,
1998; Koivusaari et al., 1980; Livingstone & Farrar, 1984). In octopus microsomes {Octopus
pallidus), P450 was quantified fi’om the absorbance difference between the 450 nm chromophore
and a baseline drawn tangent to the slope o f the spectrum (Cheah et al., 1995). This procedure
was used to quantify P450 content in the sea anemone microsomes reported herein.
Livingstone (1991) noted that the concentrations o f most invertebrate enem ies are low
relative to vertebrates, which possibly reflects the lower metabolic rates o f these animals.
Similarly, the sea anemone P450 content was between 16—31 pmol/mg microsomal protein
(Table 3-1), which is within the range of values detected in most other aquatic invertebrates
(20 —140 pmol/mg microsomal protein), but substantially lower than that o f mammals and non

mammalian vertebrates.
In most aquatic invertebrate studies, P450 concentrates in tissues associated with
processing o f food and pollutants (Bums, 1976; Fries & Lee, 1984; Jewell & Winston, 1989;
James, 1989; Khan et al., 1972a; 1972b; Lindstrom-Seppa e t al., 1983; Livingstone & Farrar,
1984; McElroy, 1990; Nelson etal., 1976 Schlenk & Buhler, 1989; Stegeman, 1985; Stegeman
& Kaplan, 1981). Thus, the highest P450 content would be expected to be in either the soft
region, which contains the mesentery filaments, or the inner region, which contains the imperfect
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and perfect mesenteries (high lipid content). The P4S0 content was slightly higher in the soft and
inner region, but the differences between all o f the tissue regions were small.
A predominant 418 nm chromophore was associated with each o f the sea anemone tissue
regions. The amplitude o f the 418 nm peak was approximately lO-fbld greater in the outer
region o f the sea anemone than in any of the other tissue regions, whether the spectrum was read
immediately or after the 418 nm peak reached its maximum amplitude. In mammals, the 420 nm
peak detected in the difference spectra of CO-liganded, DTN-reduced microsomes is the result of
denatured P450 (i.e., P420). This is evident from the coinciding increase in the 420 tun peak and
decrease in the 450 tun peak as mammalian P450 is converted to P420. However, the
mammalian results do not seem relevant to the 418 tun peak in most invertebrates. For instance,
in each o f these sea anemone tissue regions, as the 418 nm chromophore increased over time,
there was no corresponding decrease in the 450 nm chromophore (data not shown). The pattern
seen in the sea anemone has also been observed in several other invertebrates (Cheah e ta l, 1995;
den Besten, 1998; Heffeman & Winston, 1998), although a coinciding shift in the 420 and 450
nm peaks has been observed in the bivalves A£ edidis and L. stagnalis (Livingstone & Farrar,
1984; Stegeman, 1985; W ilbrink et al., 1991).
There are several additional characteristics o f the invertebrate 418 nm chromophore that
are a p ic a l o f a vertebrate denatured P450. For instance, while P420 content may be present in
some vertebrate tissues (e.g., lung), it is typically negligible in most microsomal preparations. In
contrast, the 418 nm chromophore is consistently observed in molluscs, cnidarians, and
echinoderms, despite the addition o f protein protectants (i.e., protease inhibitors, antioxidants,
and glycerol) in the microsomal preparation and prevention o f over-homogenization o f the tissue
(e.g., den Besten, 1990; Heffeman & Winston, 1998; Livingstone & Farrar, 1984; Koivusaari et
al., 1980). Further, unlike the mammalian microsomal spectra (Figs. 1-1), the invertebrate
spectra (Fig. 3-2) contain a distinct trough between the 420 and 450 nm peaks and have a very
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broad peak with a wavelength maximum that varies from 415 to 428 nm between different
organisms.
Based on other studies, P450 contents are typically much lower in the invertebrates as
compared to vertebrates. But if the P420 were due to denatured P450, many o f the lower
invertebrates would have P450 contents equivalent to those found in mammalian microsomes.
The extinction coefficients o f P420 and P450 have only been determined in a mammal (e.g.,
Omura & Sato, 1964; Schenkman & Kupfer, 1982); thus, it is possible that the P420 extinction
coefficient in these invertebrates is significantly different from mammals. If so, that would
explain the general discrepancy noted above. However, the outer region of the sea anemone
would still contain significantly more P450 than each o f the other regions. According to other
invertebrate studies, the outer region (i.e., gill, muscle, mantle, or integument) would be expected
to have the lowest P450 content (Khan et al., 1972b; Livingstone & Farrar, 1984; Nelson et al.,
1976). Given all o f the above characteristics, the invertebrate 418 nm chromophore might
primarily result fi-om another heme-centered protein(s) rather than solely from denatured P450.
In the sea anemone, the 500-700 nm spectral properties o f the DTN-reduced, COdifference spectra were not characteristic o f native or denatured P450. Under these spectral
conditions, purified cytochromes P450 from fish (mullet, Liza saliens) displayed at most one
peak and its presence was ambiguous (Sen & Arinc, 1998). Further, the presence of any peaks
in this 500-700 nm region were not specified for either native or denatured purified mam m alian
cytochrome P450 (Schenkman & Kupfer, 1982; Omura & Sato, 1964b). In contrast, the outer
and soft regions o f the sea anemone both displayed two peaks between 500-700 nm in the DTNreduced, CO-difference spectra. The presence o f two peaks that do not appear to be the result of
either P450 or P420 indicates that there are additional heme-centered proteins in the sea anemone
microsomes. Along these lines, these peaks were similar to chromophores found in a peroxidase
isolated from Halobacterium sp. (Fukumori et al., 1985). The presence o f a peroxidase in the
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microsomes could account for the large 418 nm chromophore in the sea anemone. Finally,
additional heme protein(s) may also be present in other marine invertebrates. In the DTNreduced, CO-difforence spectra, two chromophores were also observed in the mollusc digestive
gland microsomes (A ^ : 535,569 nm; Livingstone & Farrar, 1984) and crayfish, P. clarkii,
hepatopancreas microsomes (A ^ : 548, 576 nm; Jewell & Winston, 1989).
Beyond the spectral properties noted above, several catalytic studies also indicated the
418 nm chromophore may be associated with a peroxidase. For instance, sea anemone
microsomes (from the whole columnar region) catalyzed the oxidation of several classical
peroxidase substrates (i.e., ferulic acid, cafifoic acid, vanillin). Also, Nelson and colleagues
(1976) detected peroxidase activity in earthworm (Lumbricus terrestris) microsomes, which
contained a 418 nm chromophore in the CO-difforence, DTN-reduced spectrum; however, in rat
liver microsomes, they did not detect a 418-420 nm peak nor peroxidase activity. Further, the
bean 420 nm chromophore has been isolated and identified as containing two peroxidases
(Rogers et al., 1993). These authors mention that substantial unpublished data indicates one of
the peroxidases is actually a contaminant from the cell wall. The largest 418 nm peak seen in the
sea anemone was from the tough outer region. Thus, if the 418 is the result of a peroxidase, that
region ought to have the highest peroxidase activity. While microsomal fractions o f each tissue
region isolated from the sea anemone were capable o f oxidizing ferulic acid, the differences in the
rate of oxidation were minor. Nevertheless, these results do not necessarily argue against the
418 being a peroxidase." There are many peroxidase substrates and ferulic acid may be an
inappropriate substrate for the putative peroxidases in these tissues.
The spectral analysis (500-700 nm) indicated that the inner, outer, and soft tissue regions
contained distinctive additional heme-proteins (Fig. 3-3). The presence o f additional hemeproteins, including P420, has been shown to interfere with the detection o f the P450 content (e.g.,
Achazi et al., 1998; Ade et al., 1982; Berghout et al., 1991; Liimatainen & Hanninen, 1982;
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Nelson et al., 1976; Schenkman & Kupfer, 1982). Thus, regardless o f the exact identity o f the
418 nm chromophores, its removal m ight alter the sea anemone spectral properties o f the
cytochrome P450. I f so, it is possible that higher P4S0 contents would be apparent in the sea
anemone. Finally, this interference also could prevent detection o f small differences in P450
content between tissue regions, and it might account for some o f the difficulty in obtaining
spectral characteristics in the sea anemone microsomes.
NAD(P)H-dependent EROD activity was detected in each tissue region, with NADPH
being the preferred cofactor (Table 3-1). Based on the EROD activity, none o f the regions
clearly concentrated P4S0. The tentacle region had the highest NADPH-EROD activity,
suggesting that at least some P450 isoferms concentrate in the tentacles. However, this activity
might result 6 om the algal/diatom tym biont, which is most concentrated in the tentacles. The
presence o f a functional P450 has been demonstrated in unicellular algae, Euglena gracilis, and
in several marine macroalgae (Briand et al., 1993; Pflugmacher & Sandermann, 1998; Thies et
al., 1996). The rest o f the symbiont is present in the oral disk (i.e., outer region), and differing
amounts o f the symbiont could account fer the large difference in EROD activity seen in the
outer region between the two individuals. Although there was no corresponding difference in the
P450 content between the two animals, the algal symbiont might contribute a more active
NADPH-dependent P450 isoform for EROD metabolism.
Currently, there are no methods for differentiating the P4S0 contributions made by the
host as compared to those o f the symbiont; however, it is possible to experimentally separate the
symbiont from the host by exposing them to stressful conditions, such as prolonged starvation,
continuous darioiess, extremely bright light, high temperature, or abruptly altered salinity (Shick,
1991). A draw back o f experim ental^ inducing mass expulsion o f the tym biont is that it does
not remove any proteins present in the sea anemone that result from the symbiotic relationship.
Further, the symbiont is a natural part o f the sea anemone; thus, its contribution to metabolism

“

y.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

o f xenobiotics absorbed by the sea anemone could be important. However, in regards to
analyzing the distribution o f P450 in the sea anemone, it may be useful to analyze either a
symbiont-fiee species or naturally-occurring aposymbiotic individuals (i.e., individuals that lost
the symbiont, possibly as a result o f living under a rock or in a cave).
The lack o f any tissue-specific concentration o f P450 in the sea anemone, A.
xanthograntmica, is in agreement with findings in the sea star (den Besten, 1990). In the sea star
{A. rubens), the pyloric caeca microsomes contained more P4S0 and MFO activity than the
stomach or gonads; however, the difference was relatively small as compared to most other
marine invertebrates (e.g., mollusc). More importantly, each o f the other sea star tissues
contained P450 and MFO activity, whereas in M edulis, P450 was only found in the digestive
gland and MFO-associated activities were relatively low in other tissues (Livingstone & Farrar,
1984). den Besten (1990) suggested that the presence o f a circulatory system may play a role in
the distribution o f P4S0 in invertebrates. Organisms without a circulatory system may not
concentrate P450 because no particular region plays a more dominant role in processing of food
or pollutants, whereas organisms with a circulatory system would have one organ with a more
dominant role in these processes.
The study reported here is the first to analyze the localization o f cytochromes P450 in a
cnidarian. I f marked differences in P450 content existed between different tissues o f the sea
anemone, they should have been detectable in the experimental design used here. However,
subtle differences in P450 content may have been missed if the dissection procedures did not
completely separate tissues o f different P4S0 contents. In addition, subtle differences may have
been missed due to the effect of any contribution o f the algal symbiont or interference o f other
heme-proteins in the detection of the P4S0.
In most m arine invertebrates, large differences in MFO properties (content and activities)
were observed between different organs, w hile in a few organisms the differences were very
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small. For instance, Stegeman (1985) found the specific content o f P450 to be about 400%
higher in digestive gland than gill in A£ edulis^ whereas there was less than a 16% difierence in
P450 content o f the digestive gland and gill in Area zebra. The same trend in these bivalves was
observed for the NADPH-B[a]P hydro^qrlation and NAD(P)H-<q4ochrome c reductase activities.
These results suggest that some species may not have the same distribution o f P450 between
different tissues as do other species. Thus, another species o f sea anemone may display larger
differences in the MFO properties between the different tissue regions. Future studies should
focus on additional individuals, symbiont-free sea anemones, and the examination o f additional
MFO properties, as w ell as other members o f the phylum. Cytochemistry may prove to be usefol
for further elucidation o f the distribution of P450 in these orgarusms. However, prior to such
studies, the specificity o f P450 probes and the elimination o f non-specific binding would need to
be addressed in the sea anemone.
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Chapter 4: Analysis and Partial Pnrification o f Cytochrome P450 hnmnnoreactive Proteins
in Sea Anemone Microsomes
INTRODUCTION
Several studies have demonstrated the presence o f a cytochrome P450-dependent mbcedfunction oxidase (MFC) system in two of the four cnidarian classes* anthozoa and hydrozoa
(Gassman & Kennedy* 1992; Heffeman et al * 1996; H e f^ n a n & Winston* 1998; Khan et al.*
1972b; Winston et al * 1998). The evidence is based on the presence of proteins that
immunoreact with P450 antibodies, a characteristic CO-dififetence spectra o f DTN-reduced coral
and sea anemone microsomes* active MFC components (i.e.* flavin-containing reductases)* and
metabolism of classical cytochrome P4S0-catalyzed reactions (i.e.* ethoxyresorufin Odeall^lation (EROD), benzo[a]pyrene hydroxylation* and aldrin epoxidation).
An interesting feature o f the MFO system o f marine invertebrates is its ability to use
both NADPH and NADH as electron donors (e.g., den Besten etal.* 1994; Heffeman and
Winston, 1998; Jewell & Winston* 1989; Lindstrom-Seppa etal., 1983; Livingstone* 1991;
Wilbrink et al.* 1991), whereas mammalian MFO is NADPH-dependent (e g., Lewis, 1995). In
our cnidarian studies (i.e.* sea anemone), NADPH-EROD activity was consistently higher than
the NADH-EROD activity. However* there was only a slight preference for NADPH over
NADH in ~ 65% o f the microsomal preparations examined. The rest o f the microsomal
preparations had a strong preference for either NADPH (~ 30%) or NADH (~ 5%). This
varying electron-donor preference for aldrin metabolism in the sea anemone could result from
differential expression (in batches o f microsomes) o f multiple isoforms that are able to catalyze
aldrin epoxidation. The presence o f multiple isoforms in the sea anemone has also been
suggested by the ability o f antibodies prepared from different P450 isoforms to cross-react with
sea anemone microsomal proteins (Heffeman et aL, 1996).
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Cytochrome P450 is a multi-gene âm fly (Nelson e t al., 1996; Stegeman & Hahn, 1994).
Nelson et al. (1996) listed 481 genes and 22 pseudogenes that represented 74 families o f P4S0,
although more isoforms and families have been identified since that publication. Several P450
genes have been sequenced 6 om aquatic mvertebrates (non-insect): e.g., CYP2L1 and CYP2L2
in spiny lobster, Pcamlirus argus (James et al., 1996; Boyle et al, 1998a); CYP30 in clam,
M ercenaria m ercenaria (Brown et al., 1998); CYPIO in pond snail, Lymnaea stagnalis
(Teunissen et al., 1992); and, CYP45 in lobster, Homarus americanus (Snyder, 1998a). In
addition, several partial sequences o f the CYP4 family were obtained from mussel {Nfytilus
galloprovmcialis'), abalone (H aliotis rttfescensX shrimp (Penaeus setiferus), lobster (Homarus
americanus), and sea urchin (Lytechinus anam esis) (Snyder, 1998b). These sequences
demonstrate that m ultiple isoforms from several P450 families exist within the aquatic
invertebrates. The presence o f P450 isoforms in marine invertebrates has also been
demonstrated by W estern, Southern, and/or Northern blots in armelids (Achazi et al., 1998; Lee,
1998), cnidarians (Heffoman et al., 1996), crustaceans (Boyle & James, 1996; Boyle et al.,
1998b; James & Boyle, 1998), echinoderms (den Besten, 1998), and molluscs (Livingstone et al.,
1989; 1997; Matsumota et al., 1997; Obserdorster et al., 1998; Peters et al., 1998a; 1998b;
Porte et al., 1995; Schlenk & Buhler, 1989; Sole et al., 1996; Wootton et al., 1995).
Western blot studies have indicated that aquatic invertebrates contain similar amino acid
sequences (i.e., epitopes) to P450 isoforms o f several species o f fish (CYPl A, 2B, 2K, and 3A),
the rat (CYP2B, 2C, 2E, and 4A), and the spiny lobster (CYP2L). Most of the proteins detected
were between the 46-60 KDa molecular weight (e.g., den Besten, 1998; Peters et al., 1998a;
1998b; James & Boyle, 1998; Lee, 1998). Recent papers have also reported the presence o f
lower molecular proteins that are strongly recognized by several P450 antibodies (Boyle &
James, 1996; James & Boyle, 1998; Peters et al., 1998a; 1998b). For instance, in the mussel
(\fytilu s edulis), a 42 KDa protein was recognized by polyclonal anti-perch CYPl A and a 44
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KDa protein was recognized by polyclonal anti-trout CYP^A, polyclonal anti-rat CYP2B, and
polyclonal anti-rat CYP4A (Peters e ta l., 1998a). The 44 KDa protem was also detected in M
galloprovm cicdis by the polyclonal anti-rat CYP4A (Peters e t al., 1998b). Further, the
polyclonal anti-spiny lobster CYP2L cross-reacted with a 30 KDa protein in the Florida spiny
lobster, P. argus, and a 40 KDa protein in clear nose skate. R aja eglanteria (Boyle and James,
1996). These authors suggested that the lobster 30 KDa protein might be a translated product
from a spliced (truncated) variant o f CYP2L or a breakdown product o f P450.
Purification procedures have been used to further identify and characterize the P4S0
isoforms present in the marine invertebrates (e.g., Achazi et al., 1998; Batel et ai., 1986;
Berghout et al., 1991; Conner & Singer, 1981; James, 1989; 1990; Kirchin, 1988; Lee, 1986;
Livingstone et al., 1989; 1997; Quattrochi & Lee, 1984a; 1984b; Peters et al., 1998a; Porte et
al, 1995). These studies have focused on identifying the presence o f P450 isofoms and
elucidating their role in metabolizing both endogenous and exogenous compounds. However,
purification o f P450 isoforms has typically been complicated by the presence of low P450
contents, high concentrations o f degradative enzymes, and endogenous P450 inhibitors.
The above studies demonstrated the presence o f multiple P450 isoforms In several
marine invertebrates. The purpose o f this study was to examine the microsomal fraction o f
several species o f sea anemone for the presence of different P450 isoforms. This paper includes
some o f the antibodies examined previously (Heffeman et al., 1996) and analyses o f additional
P450 antibodies. In addition to the recognition o f50-60 KDa proteins, the polyclonal anti-trout
CYP2K antibody strongly recognized a 40 KDa protein in the sea anemone microsomes.
Partially purified samples from A. xm thogram m ica were analyzed to assist in further
identification o f these immunoreactive proteins. Due to the particularly strong recognition o f the
40 KDa protein by the CYP2K antibofy and its uniqueness to the marine invertebrates,
particular emphasis was focused on purifying and identifying this 40 KDa protein.
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METHODS
Sam ple P reparation
Bunodosomacavemata'wex& collected 6 om the Gulf o f Mexico at Pass Fourchon,
Louisiana. B. cavem ata is sometimes confused with the morphologicaliy-similar species,
Bunodactis texaensis, but the blue stripe and reddish coloration as opposed to gray streaks on
the tentacles o f the organisms collected for this stutfy is consistent with B. cavemata
(Fotheringham & Brunenmeister, 1975). Anthopleura elegantissim a and A. xanthogrammica
were obtained from Pacific Bio-Marine Laboratories and North Coast Invertebrate Collectors in
California. Alaskan Æ elegantissima were collected near Little Port Walter, Baranoff Island.
Condylactis gigantea were obtained from G ulf Specimen Marine Laboratories in Florida
(collected from reefs in the Florida Keys). All sea anemones were maintained in a recirculating
system with Instant Ocean™ sea water. A. elegantissima and A . xanthogrammica were kept at
34°/oo salinity and 12 °C, while B. cavem ata and C. gigantea were kept at 257oo salinity and
23 °C. Each sea anemone microsomal preparation consisted o f —50 animals for A

elegantissim a, 30 animals for B. cavem ata, 1 —2 animals fbrÆ xanthogrammica, and only 1
animal for C. gigantea. Tentacles were discarded and the colunmar region o f the sea anemone
was immediately submerged in homogenization buffer. Procedures described in Chapter 2 and 3
were followed for microsome preparation and determination o f protein concentration.
W estern Blots
Proteins were separated on 10% SDS-polyacrylamide gels (Laemmli, 1970) and
transblotted for 50 min onto nitrocellulose with 10 mM Tris-HCl, 100 mM Glycine, and 10%
methanol transfer buffer (Towbin, 1979). The blot was blocked overnight with 5% Carnation
powdered milk in 50 mM Tris-HCl with 20 mM sodium chloride (TBS), incubated with the
appropriate antibody for 1 hour, the appropriate secondary antibo<fy containing a biotinylated
conjugate for 1 —2 hour, and Sigma ExtrAvidin™ for 30 min. Between each o f these incubation
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steps, the blot was washed with TBS four times for S min intervals. Prior to developing the
color o f the bands, the blot was rinsed well with distilled w ater. The color was developed with
100 mM sodium bicarbonate (pH 9.8) containing 1 mM magnesium chloride plus 5-bromo 6 chloro 3-indolyl phosphate (15 mg BCIP per SOOuL DMF) and nitroblue tertrazoleum (30 mg
NBT per 500 uL 70% DMF). The developer was prepared Just prior to staining. The color
development was stopped by rinsing and then soaking the blot in distilled water for

10

min.

Purification Procedures
The primary focus of the purification efforts for this stutfy was to isolate the 40 KDa
protein. Thus, the purity^ o f the 50-60 KDa proteins was monitored only during the design stages
of the purification procedure while the 40 KDa protein was monitored throughout the entire
process. All purification steps were performed at 4 °C. Protein concentrations were determined
by a 96-well microplate reader fluorescamine assay (see Chapter 2). Since a flat baseline could
not be maintained fiom a UV monitor, the absorbance was read for each fiaction at 280,295,
and 417 nm on a Hitachi dual beam U-3110 spectrophotometer. One-dimensional (ID ) gels and
Western blots were used to monitor the purification steps. Gels were coomassie blue stained
(0.1% coomassie, 40% methanol, 10% acetic acid) for 1 hour and then destained (25% methanol,
10

% acetic acid) for several hours.
P artial Purification o f 40 KDa Protein: The distribution o f the 40 KDa

immunoreactive protein was examined in each o f the A. xanthogram mica tissue regions
(described in Chapter 3) through Western blots probed with the CYP2K antibody (Fig 4-1). The
antibody strongly recognized a 40 KDa band in each tissue region. Any differences between the
intensity o f recognition by the 2K antibody in the different tissue regions appeared to be only
minor. Thus, the microsomes used for the 40 KDa purification were prepared from the entire
columnar region o f A. xanthogrammica.
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Fig. 4-1. Western blots probed with CYP2Klantibody (polyclonal rabbit anti-trout) showing
recognition o f a 40 KDa protein in A. xanthogrammica tissue regions; O, outer; I, inner; S, soft;
and T, tentacular. All lanes contain 30 pg protein.
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A. xanthogrammica microsomes (12-14 mg protem /mL) were initially solubilized with
1.5% sodium cholate. These microsomes were slowly inverted about five times until the solution
was clear, and then immediately diluted with buffer for a A ial concentration o f 100 mM
potassium phosphate (KPO«; dibasic brought to appropriate pH with monobasic) pH 7.4
containing 0.75% sodium cholate, 20% glycerol, 1 mM EDTA, 1 mM CaCl2 , and 1 mM NaCl.
This solution was mixed slowly with a stir plate for 40 min and then centrifuged for 65 min at
100,000 x g . The supernatant was removed immediately.
After solubilization o f the microsomes, a buffered solution o f 2% E911 was slowly
added to the supernatant for a final concentration o f 0.2% E911. The solubilized microsomes
(~ 30 mL; 8 mg protein/mL) were mixed with 60 mL DEAE (diethylaminoethyl) sephacel
material. The DEAE sephacel (60 mL) had been prerinsed with 120 mL o f Buffer A (20 mM
KPO 4 pH 7.8 w/ 10% glycerol, 0.2% E911). Each solution added to the DEAE was mixed
slowly by hand for 2 0 min prior to filtering it through a buchner funnel under low water
pressure. The DEAE was washed by mixing it with 30 mL Buffer A. This wash was combined
with the flow through fi-om the column (DEAE wash). Due to rinsing of the column material, the
DEAE wash had a final volume o f approximately 80 mL. The remaining protein was eluted
fi'om the DEAE by mixing it with 30 mL Buffer A containing 0.4 M KCl (DEAE elution).
The CM (carbojQnnethyl) sepharose column (1.5 cm x 12.5 cm) was preequilibrated
with two column volumes o f Buffer B (20 mM KPO< pH 6.4 w/ 10% glycerol, 0.2% E911). The
pH o f the DEAE wash (~ 80 mL; 0.5 mg protein/mL) was adjusted to pH 6.4 and loaded on the
CM sepharose column at a flow rate o f 0.5 mL/min. The fiaction size collected was I mL. The
column was washed with two column volumes o f Buffer B (CM wash), then eluted w ith two
column volumes o f Buffer B containing 0.1 M KCl (CM 0.1 M elution), and eluted again with
two column volumes Buffer B containing 0.4 M KCl (CM 0.4 M elution). This procedure
resulted in the partial purification o f the 40 KDa protein.
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An additional step examined for 40 KDa purification scheme, but not used in the final
protocol, was the a b ili^ o f the chloramphenicol column material to retain the 40 KDa protein.
This was performed by gently mixing either 100,200, or 300 uL solubilized microsomes with
1.5 mL chloramphenicol column material for S min after preequilibrating the resin with Buffer C
(100 mM KPO4 (pH 7.4) containing 20% glycerol and 0 J% sodium cholate). The solubilized
microsomes were removed after allowing the resin to settle; then the resin was rinsed with Buffer
C, and finally mixed with 300 uL Buffer C containing 0.4 M KCl. Each o f these samples was
analyzed through Western blots probed with the polyclonal CYP2K antibody.
Steps Tow ards Purification o f 50-60 KDa Proteins: The A . xanthogrammica
microsomes (12-14 mg protein/mL) were in itial^ solubilized as descril>ed above. These
solubilized microsomes were either polyethylene glycol 6000 (PEG) precipitated or run on an noctylamine column. For the PEG precipitation, the solubilized microsomes (~ 9 mg protein/mL)
were mixed w ith a known percentage o f PEG for 20 min and then centrifuged at 100,000 x g for
40 min. The precipitate was saved and the supernatant mixed again with a higher concentration
of PEG. This procedure was repeated until all o f the PEG precipitated samples were prepared.
An example o f ranges o f PEG precipitates collected from a batch o f solubilized microsomes is:
(I) 0-6%, 6-10%, 10-14%, and 14-18% o r(2) 0-8%, 8-12%, 12-16%, and 16-20%. PEG
precipitation is described in detail by Ingham (1990).
In regards to the n-octylamine column, the column was preequilibrated with Buffer D
(10 mM KPO4 pH 7.4 containing 20% glycerol, 0.1% sodium cholate). The solubilized
microsomes were diluted with distilled water prior to loading on the column, such that the buffer
of the solubilized microsomes was the same concentration as the equilibration buffer. These
microsomes (~ 15 mg protein a t - 2 mg protein/mL) were loaded on the n-octylamine column
(1.5 cm X 11 cm) at 0.4 mL/min. The fraction size collected was 1 mL. The column was
washed with two column volumes o f the Buffer D, eluted with two column volumes of Buffer D
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conta in in g

0.1% E911, elutedagaüi with BufiferD containing: 0^% E91I, and finally eluted with

100 mM KPO4 pH 7.4 containmg20% glycerol, 0.2% sodium cholate, 0.2% E 9 II. The
fiactions containing a positive 295 nm absorbance were combined. The wash and elutions were
each mixed with 0.2 g Amberlite XAD-2 beads/mL sample for I hour (to remove detergent),
filtered through nylon, and finally concentrated about lO-fold with Amicon Centriprep 30 as
recommended by the manufacturer.
2-Dlmensional (2D) Gel Electrophoresis
TCA/Acetone Precipitation: The samples were precipitated in 90% TCA and 10%
acetone overnight at -20 °C. After precipitation, the samples were centrifuged at 42,000 x g on a
Beckman Ultracentrifuge. The pellets were washed twice with 80% ice cold acetone/water and
then centrifuged again. Pellets were air dried for 10 min, and then solubilized in 120 - 350 pL
(depending on the size o f the pellet) o f 8 M urea and 4% CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-2-hydro]^-l-propane sulfonate). The Pierce micro BCA protem assay was
used to determine protein concentration, using BSA as the standard.
2D Gels (pH 3-10): Isoelectric focusing was carried out using 3-10 Immobline
DryStrips on an IPGphor isoelectric focusing instrument (Amerham Pharmacia Biotech, Uppsala
Sweden). An appropriate volume o f extract was mixed with rehydration buffer (6 M Urea, 2%
CHAPS, 20 mM DTT, 0.5% V/V 3-10 IPG buffer, and trace o f bromophenol blue) to a final
volume o f 125 pL and the sample rehydration was loaded onto the IPG strip for a period of 10
hours as instructed by the manufacturer (loaded 35 pg protein). The sample was focused using
the following run conditions: 500 V for 250 Vhr, lOOOV for 500 Vhr and 8000V for 8000 Vhr.
Samples were then fi*ozen at -40 °C until the second dimension was run.
Strips were prepared for second dimension separation by shaking for 15 min in reducing
SDS equilibration buffer (50 mM Tris-HCl, pH 8 .8 , 6 M urea, 30% V/V glycerol, 2% SDS,
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trace bromophenol blue, 20 mM DTT) and 15 min in alkylating SDS equilibration buffer (50
mM Tris-HCl, pH 8 .8 , 6 M urea, 30% V/V glycerol, 2% SDS, trace bromophenol blue, 135 mM
iodoacetamide). The second dimension was run on a Mini VE (Amersham Pharmacia Biotech)
electrophoresis system using 12.5% PAGE gels (1 mm thick). Gels were run at 35 mA for a
period o f 1.5 hours and subsequently stained using the Plus One Protein Silver staining kit
(Amersham Pharmacia Biotech) in a Hoefer Automated Gel Stainer (Amersham Pharmacia
Biotech). Gels for blotting were transferred to either Hybond C plus nitrocellulose membrane or
Hybond P PVDF membranes (Amersham Pharmacia Biotech) using the Mini VE blotting Unit
(Amersham Pharmacia Biotech). Transfers were at 35 V for 1 hr in 20 mM Tris-HCl, 200 mM
Glycine, and 20% methanol (Towbin et al., 1979).
2D Gels (pH 6-11): Isoelectric focusing o f basic proteins was carried out using 7 cm 6 11 Immobiline Dry Strips on a Multiphor isoelectric focusing unit (Amersham Pharmacia
Biotech). Strips were rehydrated in rehydration buffer (6 M Urea, 2% CHAPS, 20 mM DTT,
0.5% V/V 6-11 IPG buffer, and trace bromophenol blue) per instruction o f the manufacturer,
using Immobiline DryStrip reswelling tray and 100 pL o f sample cup loaded onto the strips
(loaded 35-40 pg protein). Strips were focused using the protocol recommended by the
manufacturer.
Strips were prepared for second dimension separation by shaking for 15 min in reducing
SDS equilibration buffer (50 mM Tris-HCl, pH 8 .8 , 6 M urea, 30% V/V Glycerol, 2% SDS,
trace bromophenol blue, 20 mM DTT) and 15 min in allgrlating SDS equilibration buffer (50
mM Tris-HCl, pH 8 .8 , 6 M urea, 30% V/V glycerol, 2% SDS, trace bromophenol blue, 135 mM
iodoacetamide). Second dimension for the 6-11 strips were electrcphoresed as stated above. The
Strips were either coomassie blue stained or transferred as stated above. These studies indicate
that a

1

hour transfer time at 1 A was more effective that a transfer tim e o f 2 hours.
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N-terminal Sequence Analysis
Blots used fbrN-tenninal sequence analysis wete transferred to PVDF Protein
Sequencing Membrane (BioRad) as described above, except 0.1 mM thioglycolate was included
in the upper running buffer for the ID gel and the running and transfer buffers were kept cool fer
both ID and 2D gels. These membranes were coomassie stained (0.025% coomassie, 40%
methanol, 6 drops HCL/100 mL stain) for 1 - 2 min and then destained with 50% methanol.
The band or spot was cut from the sequencing membrane and sent fer N-terminal sequence
analysis to Dr. Richard Cook at Baylor College o f Medicine in Houston, Texas.
Spectral Properties
An Hitachi dual beam U-3110 spectrophotometer was used to examine the sea anemone
microsomal cytochrome P450 spectra by the carbon monoxide (CO)-difference spectrum o f
sodium dithionite (DTN)-reduced samples (Omura & Sato, 1964a). The spectra were performed
by adding the DTN and background-correcting prior to the addition o f the CO. The microsomal
samples (600 pL) were diluted with 600 pL 100 mM potassium phosphate (pH 7.4) containing
10% glycerol; final protein concentrations were highly variable between different samples. This
sample was split between the reference and test cuvettes for analysis. After the addition o f the
CO and DTN, the solubilized microsomes were scanned immediately.
Peroxidase A ctivity
The rate o f peroxidation of caffeic and ferulic acid was examined as an increase in
absorbance over 5 min (Bernal et al., 1995) on a Hitachi dual beam U-3110 spectrophotometer
(caffeic acid, 312 nm; ferulic acid, 310 nm). The caffeic acid peroxidation reactions contained a
final concentration o f 0.15 mM caffeic acid, 160 —260 pg microsomal protein, and 4.0 mM
H2O2 in 1.1 mL 100 mM Tris-acetate, pH 5.0, whereas the ferulic acid peroxidation reactions
contained a final concentration of 0.2 mM ferulic acid, 160 —260 pg microsomal protein, and
l.C m M H 2 0 2 in 1.1 mL 100 mM Tris-acetate, pH 5.0. A 10 mM stock solution o f either caffeic
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or ferulic acid was prepared feesh ia HPLC-grade methanol. To eliminate background noise, the
Tris-acetate buffer was degassed prior to dilutmg the substrate with this buffer and both
reactions were performed in tandem cuvettes. Activities were calculated based on an extinction
coefRcient for caffeic acid o f 11.2 cm 'mM ' at 312 nm and ferulic acid o f 11.0 cm 'mM ' at 310
nm. Reactions were initiated w ith the addition o f microsomes.
RESULTS
Immnnodecticn with Cytochrome P4S0 Antibodies
Several cytochrome P450 antibodies feom mammalian and fîsh sources recognized
proteins in the ^sa. m&a\ones Anthopleura elegantissima, Anthopleura xanthogrammica, and
Bunodosoma cavem ata. A microsomal protein between the typical 50-60 KDa molecular
weight was weakly recognized between 30-40 pg protein in Western blots (Figs. 4-2 to 4-7)
probed with monoclonal mouse anti-scup CY PlA l, polyclonal rabbit anti-rat CYP2E1, and
polyclonal rabbit anti-trout CYP3 A1. Some o f these species were further examined with several
additional P450 antibodies: polyclonal rabbit anti-scup CYP2B1; polyspecific rabbit anti-rat
CYP2C11^; and, polyclonal rabbit anti-trout CYP2K1. The molecular weights of these 50-60
KDa immunoreactive proteins were estimated based on biotinylated standards (Table 4-1). In
contrast to the other P450 antibodies, a 50-60 KDa protein was not detected by the polyclonal
sheep anti-rat CYP4A at 30 pg protein in A. elegantissima (data not shown).
Recognition o f the 50-60 KDa protein was weak, but relatively consistent in A.
elegantissim a and A. xanthogrammica between 30-40 pg protein. In contrast, it was not as
consistent in B. cavemata and was often not detected in Com fylactis gigantea between 30-40 pg
protein. Longer staining with the NBT/BCIP resulted in a darker band within the 50-60 KDa
region; however, there was also a coinciding increase in non-specific recognition o f protein bands
(>65 KDa). Detection o f the 50-60 KDa proteins was not noticeably enhanced by lengthening
the incubation time with the primary antibody to over 1 hour. W hile the use o f detergents may
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Fig. 4-2. Western blots probed with CY Pl A antibody (monoclonal mouse anti-scup) showing
recognition o f a 50-60 KDa protein in several species o f sea anemone microsomes: BC, B.
cavem ata, A E ^, A. elegantissima from California; A E ^, A, elegantissim a from Alaska; AX, A.
xanthogrammica', and, CG, Condylactis gigantea. All lanes contain 30 pg protein.
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Fig. 4-3. Western blot probed with CYP2Elantibody (polyclonal rabbit anti-rat) showing
recognition o f a 50-60 KDa protein in several species o f sea anemone microsomes as compared
to rat liver microsomes; BC, B. cavem ata; A E ^, A. elegantissim a from Alaska; AX, A.
xanthogram mica, CG, Condylactis gigantea; and, R, ra t All o f the sea anemone lanes contain
30 pg protein and the rat lane contains 2 pg protein. The lower molecular weight protein
detected in the rat microsomes is most likely a result o f degradation.
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Fig. 4-4. Western blot probed with CYP3A antibody (polyclonal rabbit anti-trout) showing
recognition o f a 50-60 KDa protein and a lower molecular weight protein (~ 28 KDa) in several
species of sea anemone microsomes: BC, B. cavem ata; A E ^ ,4 . elegantissim a from Caliform'a;
A E ^, A. elegantissim a from Alaska; AX, A. xanthogrammica, and, CG, Condylactis gigantea.
All lanes contain 30 pg protein.
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Fig. 4-5. Western blot probed with CYP2BI antibody (polyclonal rabbit anti-scup) showing
recognition o f a 50-60 KDa protein in sea anemone microsomes as compared to trout liver
microsomes: AX, A. xanthogrammica and T, rainbow trout. The A, xanthogrammica lane
contains 40 pg protein and the trout lane contains 5 pg protein.
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Fig. 4-6. Western blot probed with C Y P2C 1antibody (polyspecific rabbit anti-rat) showing
recognition o f a 50-60 KDa protein in several species o f sea anemone microsomes as compared
to rat liver microsomes: A E ^ , A. elegcmtissima from California; A E ^, A. elegantissima from
Alaska; and, R, rat. All o f the sea anemone lanes contain 30 pg protein and the rat lane contains
2 pg protein.
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Fig. 4-7. Western blots probed with CYP2K1 (polyclonal rabbit anti-trout) showing recognition
o f a 50-60 KDa protein and a 40 KDa protein in sea anemone as compared to: (A) Liver
microsomes o f several vertebrates: AE, A. elegantissima; R , rat; T, rainbow trout; G, alligator;
and, D, muscovy duck. The rat and trout lanes contain 1 pg protein and the alligator, duck, and
sea anemone lanes contain 5 pg protein. (B ) Microsomes fiom several marine invertebrates and
trout liver: A?L A, xanthogrammica, m, mussel; cb, crab; cw, crawfish; ss, sea star; and, T,
trout. All invertebrate lanes contain 40 pg protein and the trout lane contains 5 pg protein.
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Table 4-1. Estimated molecular weights o f immunoreactive bands o f several sea anemone
species detected by western blots with several vertebrate P450 antibodies".
AE^

AE"^

AX

BC

CG

anti-scup CYPIA

52
55

51

51

51

52

anti-trout CYP3 A

28
54
57

28
51

28
51

28
51

28
52

anti-rat CYP2E

52
56

51

51

51

n.d.

anti-scup CYP2B

n.d.

59

59

59

n.d.

anti-trout CYP2K.'*

40
40
40
40
40
55
55
55
AE, Æ elegantissima; AX, A. xanthogrammica; BC, B. cavem ata; CG, C. gigantea
" molecular weights were estimated based on biotinylated standards from one gel.
BC and CG were run at 10 pg protein (too dilute to detect the 50-60 KDa protein).
CYP2C11^ blots have only been examined with prestained standards; thus, the molecular
weights are not included in these values.

prove to be useful in eliminating the non-specific binding, the addition o f 0.1% Triton X-100 in
the wash steps resulted in the loss o f all recognition by anti-CYP2Cl 1 \
For all samples analyzed, the recognition pattern in each species was identical for the
CYPl A, 2E, and 3A antibodies (Figs. 4-2 to 4-4). These antibodies recognized one protein
between 50-60 KDa with the same molecular weight in A. elegantissim a (from California), A.
xanthogrammica, and B. cavem ata. In contrast, there were two more strongly recognized
proteins o f a slightly higher molecular weight detected by these antibodies in the A.
elegantissim a collected from Alaska. The Alaskan Æ elegantissim a may have also contained
the slightly lower molecular weight protein, but it was a very faint band. Most striking was that
the doublet was not observed in A. elegantissim a from California. Although the blot probed
with anti-CYP2E only contained the higher band of the doublet o f the Alaskan Æ elegantissima
(Fig. 4-3), the doublet was present at higher protein concentrations (data not shown).
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The recognition pattern for CYP2CI1'*' was similar (Fig. 4-6), but not identical to the
CYPI A, 2£, and 3A antibodies. Unlike these antibodies that detected a doublet only in the
Alaskan A. elegantissim a, the CYP2CIU antibody detected a doublet in A. elegantissim a from
both California and Alaska. Curiously, the doublet detected in the Alaskan A . elegantissima had
a higher molecular weight than did the doublet in the Califrimian A. elegantissim a. The
recognition o f multiple bands between 50-60 KDa in the sea anemone is consistent with the
polyclonal CYP2C1U antibody being a polyspecific antibody in the rat (Bandiera et al., 1995).
The CYP2B and CYP2K antibodies’ cross-reactivity has only been shown at 40 pg
protein withÆ xanthogrammica; however, these antibodies have been examined in two other
species (Table 4-1). The recognition pattern o f anti-CYP2B was clearly quite different from
each of the other antibodies (Fig. 4-5). There was only one 50-60 KDa protein detected by antiCYP2B, and it was o f a much higher molecular weight (~ 59 KDa) than the 50-60 KDa bands
recognized by the other P450 antibodies. Finally, the CYP2K also only detected one protein
between 50-60 KDa at approximately 55 KDa. While additional species were tested with the
CYP2K antibody to examine its recognition of a 40 KDa protein (discussed below), the protein
concentration was typically too low to detect the 50-60 KDa protein in those blots.
Several higher molecular weight proteins (>65 KDa) were also regularly detected in the
sea anemone microsomes. Such proteins have also been reported in the spiny lobster, P. argus
(Boyle & James, 1996) and worm, E.F. fetida (Achazi etal., 1998). In the case o f the sea
anemone, these proteins were detected even when the blot was not incubated with the primary
antibody - indicating that they were the result o f non-specifrc binding. Similarly, substantial low
molecular .(< 28 KDa) weight, non-specific binding was detected in digestive gland microsomes
from the mussel, M. edulis (Peters et al., 1998a). Decreasing the incubation times with the
secondary antibody and the ExtrAvidin™ minimized non-specific binding in the sea anemone. In
contrast to the high molecular weight proteins, the 50-60 KDa sea anemone proteins did not
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result from non-specific binding because they reguhed stammg with the primary antibody prior
to the secondary staining system. In addition, the intensity o f th e 50-60 KDa protein recognized
by each, o f the antibodies increased as the microsomal protein loaded on the gel was increased.
Relatively unique molecular weight microsomal proteins were strongly recognized in the
sea anemone by both anti-CYP3 A1 (Fig. 4-4) and anti-CYP2KI (Fig. 4-7). Anti-CYP3AI
strongly recognized a protein o f —28 KDa at 30 pg protein and anti-CYP2Kl strongly cross
reacted with a protein o f —40 KDa a t only 10 pg protein. Interestingly, the 40 KDa protein is
also recognized by the CYP2KI antibody in several other marine invertebrates, but it was not
even weakly detected in the rainbow trout (Oncorhynchus n ^tass), muscovy duck {Cairina sp.),
alligator (Alligator mississippiem is)^ or rat (Rattus rattus) (Fig. 4-7A). The 40 KDa protein
was recognized at equal intensity in microsomes o f the mussel digestive gland, M. edulis, and
crayfish green gland, Procambarus clarkii, while it was only weakly detected in the crab
hepatopancreas, Callinectes sapidus, and not detected in the sea star pyloric caeca, Asterias
rubens (Fig. 4-7B). In contrast to the 40 KDa protein, the 28 KDa protein detected in the sea
anemone by anti-CYP3 A was not detected in the microsomal fiaction o f these invertebrates (i.e.,
crab, sea star, mussel, and crayfish) o r the rainbow trout. However, the CYP3 A antibody
detected a slightly lower molecular weight protein in the crab and a slightly higher molecular
weight protein in the sea star (data not shown). It is possible fiiat either the 28 or 40 KDa
proteins detected in these sea anemones is a degraded P450 protein; however, the size or quantity
o f the protein detected was not altered by the use o f various protease inhibitors, reducing agents,
and chelators in the microsomal preparations.
Steps Examined Towards Purification o f 50-60 KDa Protein
Based on the CO-difference (DTN-reduced) spectra, the microsomes solubilized equally
well over a wide range o f mg proteinnng sodium cholate. The 450 nm peak was consistently
observed a ta 1:1 ratio o f protein to detergent concentration. However, slightly more P450 was
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observed in microsomes solubilized a ta 1 .0:1.5 concentration o f detergent ( 8 mg protein: 1 2 mg
sodium cholate per mL) fb r~ 30 s and then furdier solubilized for 40 min after diluting 1:2 with
100 mM potassium phosphate buffer (containing 20% glycerol). The P450 did not appear to be
too sensitive to high detergent concentrations; there was only slightly less P450 observed after
solubilizing for 40 min in a 1:3 ratio o f detergent ( 8 mg protein:24 mg sodium cholate per mL).
Polyethylene glycol 6000 (PEG) precipitation resulted in the precipitation o f50-60 KDa
proteins in the 14-20% PEG pellet that cross-reacted with the polyclonal goat anti-rabbit
CYP2B1/2 (Oxford Biomedical), polyclonal rabbit anti-rat CYP2E, and polyclonal rabbit anti
trout CYP3A antibodies (Fig. 4-8). The DTN-reduced, CO-difference spectra also indicated that
P450 was present in this 14-20% PEG pelleL which contained these 50-60 KDa immunoreactive
bands, and in the 8-12% PEG pellet. For the 0-8% pellet, there was too much noise in the
spectra to assess if P450 was present. While P450 was present in the 8-12% PEG pellet, the
coomassie blue gel indicated that this pellet contained a lot more contaminating proteins than the
12-18% PEG pellet Thus, based on a compromise between purity and yield, the optimal
precipitation range for the sea anemone P450 in general appeared to be 12-18% PEG 6000. This
does not preclude the possibility^ that a particular P450 isofbrm would precipitate more readily at
a slightly different percentage range. Western blots would need to be performed on each o f the
PEG pellets to optimize for precipitation o f particular isoforms.
DEAE and n-Octylamine chromatography are commonly used in P450 purification
protocols because o f their ability to bind numerous P450 isoforms. The n-octylamine column
retained a protein between 50-60 KDa that was weakly recognized by the polyclonal goat antirabbit CYP2B1/2 (Oxford Biomedical) and polyclonal rabbit anti-rat CYP2E (data not shown).
However, there was no indication o f a 417 nm absorbance in any o f the factions; thus, the COdifference binding spectra were not examined. As for DEAE chromatography, the coomassie
blue stained gel indicated that several 50-60 KDa proteins were retained by the DEAE column
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Fig. 4-8. Western blots o f PEG 6000 precipitated sodium cholate solubilized sea anemone, A.
xanthogrammica, microsomes probed with the following antibodies; CYPl A (monoclonal mouse
anti-scup), CYP2B1/2 (polyclonal goat anti-rabbit—Oxford Biomedical), CYP2E1 (polyclonal
rabbit anti-rat), or CYP3A (polyclonal rabbit anti-trout). Lanes: 1, A. xanthogrammica
microsomes; 2, solubilized A, xanthogrammica microsomes; 3,0-14% PEG pellet; and, 4,1420% PEGpeUet
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material used for the purification of the 40 KDa protem ^ ig . 4>9A). These 50-60 KDa proteins
may prove to be P450. Currently, Western blots have not been performed with the various P450
antibodies beyond anti-CYP2K (Fig. 4-9B). Even the CYP2K blots were developed to provide
recognition o f the 40 KDa protein, not the 50-60 KDa protein. Finally, DTN-reduced, COdifference spectra demonstrated that the DEAE eluate contained a 418 nm chromophore, but not
a 450 nm chromophore.
Partial Purification o f CYP2K Immunoreactive 40 KDa Protein
The first step in the purification o f the 40 KDa protem involved solubilization of the A.
xanthogrammica microsomes with sodium cholate. These solubilized microsomes were then
mixed with the DEAE sephacel column material (at pH 7.8). Based on W estern blots probed
with the CYP2K antibody, the 40 KDa protein was not retained by the DEAE sephacel; instead,
it was found in the wash (Fig. 4-9B). However, due to the volume o f the DEAE wash, most
proteins (including the 40 KDa protein) were too dilute to observe on the coomassie blue stained
gels (Fig. 4-9A). Most o f the proteins in the DEAE elution were also faint, but there was a clear
50-60 KDa band. Further purification was achieved by loading the DEAE wash onto a CM
sepharose column. Initial tests o f the CM sepharose column had shown that a pH o f 6.4 was
required for retention o f the 40 KDa protein; therefore, prior to loading the wash, its pH was
adjusted appropriately. Based on the 417 nm absorbance, there were heme-centered proteins
present in the wash, the 0.1 M KCl eluate, and the 0.4 M KCl eluate (Fig. 4-10). The Western
blot and coomassie blue stained gels indicated that the 40 KDa protein was present in the 0.1 M
KCl eluate. According to the coomassie blue gels (Fig. 4-9A), there were additional proteins in
the vicini^ of the 40 KDa protein, a few lower molecular weight proteins (< 20 KDa), and
several higher molecular weight proteins (> 65 KDa). The Western blots probed with antiCYP2K indicated that the 40 KDa protein was completely eluted at 0.1 M KCl (Fig. 4-9A).
There was no indication o f cross reactivity in either the CM wash or the 0.4 M KCl eluate.
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Fig. 4-9. Partial purification o f the 40 KDa protein from the sea anemone, A. xanthogrammica.
(A) Coomassie blue stained gel and (B) Western blot probed with CYP2KI antibody (polyclonal
rabbit anti-trout). Lanes: I, solubilized microsomes (diluted 1:10); 2, DEAE wash; 3, DEAE
elution; 4, CM wash fraction 89; 5 - 9 , CM O.l M elution fractions 32, 34; 36; 38; and, 40.
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Fig. 4-10. CM Chromatograph of 280,295, and 417 nm absorbing material in fractions following application of solubilized sea
anemone, A, xanthogrammica, microsomes to DEAE-sephacel. The 40 KDa protein is eluted with 0.1 M KCI.

Based on the DTN-reduced, CO-di£fetence spectra, the only step in the 40 KDa
purification scheme that contained a 450 nm peak was the solubilized microsomes (data not
shown). The 418 nm chromophore was detected in the solubilized microsomes and DEAE
eluate, but not in the DEAE wash. The CM wash contained a very small, broad 410-460 nm
peak. While the characteristic P450 spectral properties were not detected through the
purification procedure, the presence o f the 40 KDa protein could be monitored by a 417 nm
absorbance.
In the process o f designing a purification procedure, several additional procedures were
examined that have been more typically used to purify P450 isofbrms. These procedures
included PEG 6000 precipitation, n-octylamine chromatography, and chloramphenicol
chromatography. Based on Western blot analysis with the CYP2K antibody, most o f the 40
KDa protein precipitated between 12-18% PEG (data not shown). Coomassie blue stained gels
indicated that there was a reduction in the concentration o f many proteins (including the 40 KDa
protein), but that there was not a substantial enough decrease in the overall number o f proteins
present to justify the amount o f 40 KDa protein lost. These results were not altered by
narrowing the percentage range o f PEG used to precipitate the protein to 12-16%, 12-14%, 1418%, or 15-18% PEG. The 40 KDa protein was not retained by the n-octylamine column, which
is a general hydrophobic column that binds numerous P450 enzymes, or by the chloramphenicol
column material, which is a commonly-used afSnity column that binds P450 isoforms from the
CY Pl, 2, and 3 families o f vertebrates. In regards to n-octylamine column, there was also no
indication o f a 417 nm absorbance in any o f the fiactions.
Analysis o f the Partialfy Purified 40 KDa Protein
The purification scheme described above resulted in a partial purification o f die 40 KDa
protein, which was further characterized by N-terminal sequence analysis. The first 15 amino
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acids obtained from the N-terminal region o f the partially purified 40 KDa protein were; T I K F
G I N G F G R I G R L . This N-terminal sequence most closely matched gfyceraldehyde 3phosphate dehydrogenase (GAPD), but also had sequence identity' with thymidine phosphorylase,
ubiquinol cytochrome c reductase, 2 0 a-hydroxysteroid dehydrogenase, and lactate
dehydrogenase (Table 4-2). In contrast, there is no sequence similarity w ith the N-terminal
region o f trout CYP2K, lobster CYP2L, or clam CYP30 (Brown et al., 1998; Buhler et al.,
1994; James et al., 1996) or the internal region o f the trout CYP2K. A fter this finding the
polyclonal trout CYP2K antibody and a monoclonal mouse anti-rabbit GAPD antibody
(Biogenesis, NH; # 4699-9555) were analyzed for their ability to cross-react with the cytosolic
and microsomal fractions o f sea anemone and trout.
The polyclonal trout CYP2K antibody did not recognize a purified rabbit muscle GAPD
(Sigma G-5262) nor a 40 KDa protein in microsomal or cytosolic fraction o f the trout (Fig.
4-11 A). The expected 54 KDa protein was the only protein detected in trout microsomes by the
CYP2K antibody. In contrast, the trout CYP2K antilxxty recognized a 40 KDa protein in the
sea anemone microsomes and cytosol. The recognition was at least 5-fold stronger in the cytosol
than in the microsomes. In regards to the GAPD antibody, this antibody recognized a purified
rabbit muscle GAPD; however, it did not detect a 40 KDa protein in either the microsomal or
cytosolic fraction o f trout or sea anemone (Fig. 4-1 IB). It also did not recognize the partially
purified 40 KDa protein from sea anemone microsomes. Finally, there were a few high
molecular weight bands (> 65 KDa) faintly recognized by both o f these antibodies in some o f the
samples; however, as mentioned above, these bands appear to be due to non-specific binding.
Comigration o f a GAPD with the CYP2K-inununoreactive protein on ID gels could
account for the immunoreactivity o f the band and the N-terminal sequence obtained; thus, 2dimensional gel electrophoresis was performed (Fig 4-12 to 4-14). Because it is unlikely that
two proteins would have frie same molecular weight and isoelectric frxzusing pomts, they should

.
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Fig. 4-11. W estern blot probed with (A) CYP2K1 an tib o ^ (polyclonal rabbit anti-trout) and
(B) glyceraldehyde 3-phosphate dehydrogenase (GAPD) antibody (monoclonal mouse anti
rabbit). The samples probed were: AE% A. elegantissim a Qtosol; AE“, A . elegantissima
microsomes; I*, trout liver cytosol; T", trout liver microsomes; and, GAPD. Blot B contained
the partially purified A. xanthogrammica 40 KDa protein designated as 0.1 M. The protein
concentration loaded per lane for Æ elegantissim a cytosol and microsomes was 2 0 pg, for trout
cytosol or microsomes lanes was 2 pg, and for GAPD was 10 pg.
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Fig. 4-12. Silver stained 2D gel (pH 3-10). The gel contains 35-40 pg o f the partially purified
40 BCDa A. xanthogrammica protein (CM 0.1 M eluate). The 3 and 10 above the gel mark the
edge o f range for the isoelectric focusing dimension; outside of these pH values the gel runs as a
1 -dimensional gel.
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Fig. 4-13. Western blot 2D gel (pH 3-10) probed with CYP2K1 antibody (polyclonal rabbit
anti-trout). The gel contains 35-40 pg of the partially purified 40 KDa. A. xanthogrammica
protein (CM 0.1 M eluate).
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Fig. 4-14. Coomassie stained 2D gel (pH 6-11). The gel contains 35-40 pg o f the partially
purified 40 BCDaÆ xanthogrammica protein (CM 0.1 M eluate).

98

R eproduced w ith perm ission o f the copyright owner. Further reproduction prohibited w itho ut perm ission.

not comigrate on 2D gels. Each o f the 2D gels were performed under denaturing conditions.
The silver-stained 2D gel (pH 3-10; 35-40 pg protein) demonstrated that there were multiple
proteins a t ~ 40 KDa (Fig. 4-12). The CYP2K antibody cross-reacted with about four 40 KDa
spots between pi 8.5 and 9.5 and with one spot at about pi 8.0 (Fig. 4-13). The two center spots
of the four were very strongly recognized, while the other spots were more weakly detected.
There were several additional 40 KDa spots detected by the silver stain that are not recognized
by the CYP2K antibody. Finally, three additional spots were detected by the CYP2K antibody
and on the silver stained gel at a slightly lower molecular weight between pi 7 and 8 . Although
these additional spots look o f equal intensity, they did not appear in the staining until well after
the four 40 KDa proteins were recognized. When reading these gels, it is important to note that
the pH values 3 and 10 above the gel mark the edges o f the focusing region for the second
dimension. Any protein on the IPG Strip outside this region runs like a ID gel, not like a 2D gel.
The 2D coomassie blue stained gel (pH 6-11; 35-40 pg protein) indicated that three o f
the four spots (recognized by the CYP2K antibody) between pi 8.5 and 9.5 contained enough
protein for N-terminal sequence analysis (Fig. 4-14). The estimated pis o f these denatured 40
KDa proteins are ~ 8.5, ~ 8.7, and ~ 8.9. Unlike 2D gels prepared with tube gels, the IPG strips
are consistently linear over the entire pH range examined (Berkelman & Stenstedt, 1998). The
N-terminal sequence was determined for two o f the three spots. The first 15 amino acid residues
for the center spot (pi - 8.7) were; T I K F G I N G F G R I G R L . These residues were
identical to the first 10 residues o f the 2D-gel protein at a pi o f ~ 8.5 and the 15 residues
obtained for the 40 KDa protein fiom the ID-gel (Table 4-2).
DISCUSSION
This study indicates that multiple isoforms of P450 exist within the sea anemone.
Several lines o f evidence support this assertion. First, Western blots probed with several P450
antibodies demonstrated that sea anemone microsomes contained proteins between 50-60 KDa
99
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with epitope regions (i.e., similar ammo acid sequences) common to multiple vertebrate P450
isoforms (i.e^ CYPl A, 2B, 2C11% 2E, 2K, and 3A). Second, these proteins are within the
expected molecular weight range (i.e., 50-60 KDa) for P450. Third, the procedures examined
towards purifying the 50-60 KDa proteins revealed proteins with additional physical
characteristics sim ilar to known P450 isoforms; for instance, they are precipitated by PEG and
they bind to an n-octylamine colunm. Finally, the P450 binding spectra demonstrated that sea
anemone P450 was concentrated in the same PEG pellet that concentrated the immunoreactive
50-60 KDa proteins.
In contrast to the 50-60 KDa immunoreactive proteins, the unique 40 KDa protein that
is strongly recognized by the CYP2K antibody has characteristics that are atypical of
cytochrome P450. For instance, the N-terminal region o f the 40 KDa protein has no sequence
identity to any portion o f the trout CYP2K protein, the N-terminal region of the spiny lobster
CYP2L1, or the N-terminal region o f the clam CYP30 (Table 4-2) (Brown et al., 1998; James et
al., 1996; Buhler et al., 1994). Further, the protein appears to be a cytosolic protein as opposed
to a membrane protein. In addition to being a lower molecular weight protein than expected, it
also has a higher pi than that expected for P450. Finally, the purification o f this protein was
relatively atypical for P450 and the later steps in the purification lacked the characteristic P450
spectral properties.
Im m unoreactive 50-60 KDa Proteins
The recognition of several sea anemone microsomal proteins between 50-60 KDa by
various vertebrate P450 antibodies indicates that the sea anemone contains multiple P450
isoforms. All o f the antibodies used were prepared from a different vertebrate P450 isoform and
their specificity has been examined in that vertebrate ^ an d iera et al., 1995; Miranda et al.,
1990; Park, 1986); however, their specificity has not been well established in the marine
invertebrates. Until the specificity o f these antibodies has been established, recognition by a
100
R eproduced w ith perm ission o f the copyright owner. F urther reproduction prohibited w itho ut perm ission.

particular antibody indicates sequence similarity^ with A at subfamily, but does not classify that
protein as a member o f that subâm ily. Thus, the recognition in each o f the sea anemone
samples o f the same molecular weight protein by several o f die P4S0 antibodies (i.e., andCYPl A, -CYP2E, -CYP3A) could result from one (or both) o f two possibilides; (I) one P450
isoform that contains epitope regions to several antibodies; or, (2) multiple P450 isoforms o f the
same molecular weight that each contain an epitope to one o f these antibodies. Based on these
possibilities, the GYP IA , 2E, and 3A antibodies could be recognizing a minimum o f the same
three isofbrms or a maximum o f nine isoforms in the sea anemone microsomes.
The literature supports the concept that these CYPlA, 2E, 3A antibodies recognize
multiple isoforms o f the same molecular weight in the sea anemone. For instance, in a mussel
(M edulis', Peters et al., 1998a) and a sea star (Æ rubens; den Besten, 1998), two P4S0
antibodies (polyclonal rabbit anti-perch CYPl A and anti-trout CYP3A from Dr. Lars Forlin)
each recognized more than one protein (i.e., proteins with different molecular weights). In
contrast, these CYPl A and CYP3A antibodies recognized proteins o f the same molecular weight
in a different species o f mussel (M galloprovm cialis; Peters et al., 1998b); however, the
CYPl A antibody had a greater difference in the intensity o f the bands recognized between M
galloprovm cialis collected fiom two sites w ith different levels o f pollutants. An increase in the
intensity o f recognition by only one o f the two antibodies suggests that they are recognizing
different P450 isoforms o f the same molecular weight in this mussel. The polyclonal goat anti
rat CYP2E (from Oxford Biomedical) and the rabbit anti-trout CYP3A (from Dr. Lars Forlin)
antibodies recognized different molecular weight proteins in M galloprovm cialis (Peters et al.,
1998b), while they recognized the same molecular weight proteins in M edulis peters et al.,
1998a) (Table 4-3). It is important to note that these antibodies are not from the same source as
those used in this study; however, they set a precedent in some invertebrate species for the
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The recognition pattern detected by the CYP2B, 2K. and 2C11^ antibodies was quite
different than the CYPl A, 2E, and 3A antibodies, indicating that the anti-CYP2B, -CYP2K, and
-CYP2C11^ are recognizing different P450 isoforms (Table 4-1; Figs 4-2 to 4-8). These results
potentially indicate the presence o f she more P450 isoforms; however, it is possible that some
isoforms that were immunodetected by anti-CYP2K and -2C11^ are identical to isofbrms
recognized by the CYPIA, 2E, and 3A antibodies.
The detection o f a doublet in the Alaskan A. elegantissima as compared to the singlet in
A. xanthogram mica and B. cavem ata was not a species-specitic difference because the doublet
was not also detected in the Californian A. elegantissima. However, it may have been the result
o f differential expression. Multiple factors will alter the expression o f certain P450 isoforms,
such as season (i.e., season collected), diet, and exposure to inducing agents (e.g., Kirchin et ai.,
1992; Quattrochi & Lee, 1984; Snyder, 1998a; Sole, 1995; Stegeman & Hahn, 1994; Weinstein,
1995) The A. elegantissim a (tiom Alaska) also contains a different symbiont than either o f the
other two Anthoplew a. The more northern Anthopleura tend to contain a diatomaceous
symbiont, while the more saaûiexn Anthopleura tend to contain an algal symbiont. Although the
symbiont is not included in the microsomal preparation, any microsomal proteins produced as a
result o f the symbiotic relationship would not have been removed.
Differential expression o f the P450 isoforms between the sea anemone species could also
account for why the 50-60 KDa protein was detected in m o st^ elegantissim a and A.
xanthogrammica microsomal preparations, but tended to be less consistent in B. cavemata
microsomes and often was not observed in C. gigantea microsomes. A difference in P450
expression was observed in the blue crab through Western blot analysis (Obserdorster et al.,
1996). When blue crabs (C. sapidus) were exposed to tributyl tin, the polyclonal anti-scup
102
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Table 4-3. M olecular weight o f putative P4S0 isofonns detected by P450 antibodies.
KDa

Reference

Species

Anti-P450

Invertebrates
Sea star, Æ rubens
Earthworm, L. terrestris
Worm, E.f. fetida '
Mussel, M. edulis
Mussel, M edulis
Mussel, A£ edulis
Mussel, M. galloprovincicdis
Mussel, A£ galloprovincicdis

scup CYPIA*
ratCYPIAl
perch CYPIA
perch CYPIA
perch CYPIA
perch CYPIA
perch CYPIA
perch CYPIA

42.5,48.1
54
48
48

den Besten, 1998
Berghoutetal., 1991
Achazi et aL, 1998
Sole et al., 1996
Peters et al., 1998a
Porte et aL, 1995
Peters et al., 1998b
Livingstone et al., 1997

Chiton, Crytochiton steUeri
Bivalve, Donax trunculus
Gastropod, Patella caerulea

trout CYPIA
scup CYPIA
scup CYPIA

54
n.d.
n.d.

Schlenk & . Buhler, 1989
Yawetzetal., 1992
Yawetzetal., 1992

Sea star, A. rubens
Mussel, M. edulis '
Mussel, M. galloprovincicdis '
Euglena gracilis

scupCYP2B
ratCYP2B
ratCYP2B
ratCYPZB*

46
52.8,48.1,43.9
52
50

den Besten, 1998
Peters et al., 1998a
Peters etal., 1998b
Briand et al., 1993

Earthworm, L. terrestris
Earthworm, L. terrestris
Euglena gracilis

ratCYP2C6
ratCYP2C13
ratCYPZCII

n.d.
n.(L
50

Berghoutetal., 1991
Berghoutetal., 1991
Briand et aL, 1993

Mussel, M. edulis ‘
Mussel, M galloprovmcialis
Euglena gracilis

ratCYP2E
ratCYP2E
ratCYP2E

52.7,472
52
52

Peters etal., 1998a
Peters etal., 1998b
Briand et al., 1993

Florida spiny lobster, P. argus

lobster CYP2L

30,52

Slipper lobster, Scyllarides nod^er
American lobster, H. americanus
Blue crab, C. sapidus
Horse shoe crab, L. polyphemus
Blue crab, C. sapidus

lobster CYP2L
lobster CYP2L
lobster CYP2L
lobster CYP2L
lobster CYP2L

52,55
n.<L
nd.
n.d.
50

James & Boyle, 1998;
Boyle & James, 1996
James & Boyle, 1998
James & Boyle, 1998
James & Boyle, 1998
James & Boyle, 1998
Obserdorster et al..
1998

Sea star, A. rubens
Clam, M . mercenaria
Clam, M mercenaria
Mussel, M edulis
Mussel, A£ galloprovincicdis

scup CYP3A
scup CYP3A
perch CYP3A
troutCYP3A
troutCYPSA

substantially > 53
__ b
67.4,52.8, 44.5
47

den Besten, 1998
Brown et al., 1998
Brown et al., 1998
Peters etal., 1998a
Peters et al., 1998b

Mussel, M. edulis
Mussel, M gcdloprovincicdis

ratCYP4A
ratCYP4A

50.9,44.1
50.9,44.1

Peters etal., 1998a
Peters etal., 1998b

Scallop

aromatase

__ b

Matsumota et al., 1997

* monoclonal Ab;

54
n.(L
54,65,71
___b

___b

no blot shown or MW given; ® partially purified; n.d.. N ot detected
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CYP3 A antibody cross-reacted with the hepatopancreas microsomal fraction, while there was no
cross-reactivity^ w ith this antibody to unexposed mdividuals. Consistent with this finding,
exposure o f sea anemone to low concentrations o f cadmium resulted in the induction o f a 50-60
KDa protein recognized by several P450 antibodies (Heffeman et al., 1996). The inducibili^ of
these 50-60 KDa sea anemone proteins is consistent with these proteins being cytochrome P450.
The detection o f multiple 50-60 KDa proteins by the same P450 antibody in A.
elegantissima was consistent with results observed in other invertebrates (e.g., Peters et al.,
1998a; 1998b; James & Boyle, 1998; Boyle & James, 1996; Boyle et al-, 1998b). Such
detection suggests either different evolutionary pathways or simply less divergence between P450
isofonns in invertebrates (versus vertebrates). Further studies towards isolation and
characterization o f invertebrate P450 isofbrms may lead to a better understanding o f these issues.
The recognition o f a 50-60 KDa protein in the sea anemone by CYPIA, 2B, 2 C I1^, 2E,
and 3A antibodies is consistent with observations in other marine invertebrates (e.g., den Besten,
1998; Peters et al., 1998a; 1998b; James & Boyle, 1998). The estimated molecular weights o f
these sea anemone immunoreactive proteins were typically within the same range o f values as
observed in other marine invertebrates (Tables 4-1 and 4-3). The CYP2B antibody was the only
antibody that recognized a protein (~ 59 KDa) larger than reported in other marine invertebrates,
44-53 KDa (Briand et al., 1993; den Besten, 1998; Peters et al., 1998a; Sole et al., 1996).
While organisms from additional phyla were examined with the CYP2K antibody in this study,
the CYP2K blots were optimized for the detection o f a 40 KDa protein. Thus, the shorter
staining time may have resulted in the protein concentration having been too low to detect the 5060 KDa protein in most o f the samples (Fig. 4-7).
The lack o f recognition by the rat CYP4A antibody was unexpected. CYP4A is thought
to be an ancient cytochrome P450 originating over 800 million years ago (Nebert & Gonzalez,
1987; Nelson & Strobel, 1987). This isofr>rm has been shown to be involved in endogenous
104
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metabolism o f fa tty acids in the rat liver (e.g., Lewis, 1996), and its presence has been clearly
established in several marine invertebrates (Livingstone et al., 1989; Peters et al., 1998a; 1998b;
Snyder, 1998a; 1998b; Wootton et al., 1995). In die mussel digestive gland microsomes, the
Western blots that indicated the presence o f CYP4A were probed with a different polyclonal rat
CYP4A antibody than the one used in this study. This difference in antibody used may account
for the lack o f detection o f a CYP4A isoform in the sea anemone microsomes.
While immunodetection alone is not sufKcientto demonstrate the presence o f a particular
protein in an organism, the presence o f cytochrome P450 in the sea anemone has been clearly
established (Heffeman & Winston, 1998; previous chapters). Further, the results from steps
taken towards purifying the 50-60 KDa proteins suggest that these 50-60 KDa proteins are the
sea anemone cytochromes P450. First, a 50-60 KDa was recognized in the 14-20% PEG pellet
by several P450 antibodies (i.e., anti-CYPlA, -CYP2B1/2 (from Oxford Biomedical), -CYP2E,
and -CYP3A) (Fig. 4-9). Further, spectral analyses indicated that P450 was present in the PEG
pellet that contained these 50-60 KDa immunoreactive bands. Interestingly, the spectral
properties also indicated that P450 precipitated between 8-12% PEG, but the immunoreactive
bands were not detected in the 0-14% pellet. Similar to this finding, the rabbit liver microsomal
P450 precipitated in PEG over a broad range, but specific isofonns precipitated within a
relatively narrow PEG range (LM -1,6-10%; LM-7, 10-13%) (Guengerich, 1977). The
precipitation o f the sea anemone P450 between 8-18% PEG was similar to studies reported on
several vertebrates (e g., 10-16% Elshourbagy & Guzelian, 1982; 8-12% Koop etal., 1982; 6 13% Miki et al., 1987; 9-15% Ryan et al., 1982; 10-16% West et al., 1979) and marine
invertebrates (e.g., 0-5% Bate! et al., 1986; 4-15% Kirchin, 1988; 0-16% Quattrochi & Lee,
1984a; 0-10% Quattrochi & Lee, 1984b).
The n-ocfylamtne column is a general hydrophobic column that binds numerous CYP
enemies. This column has been used to partially purify several invertebrate P450 isoforms (e.g.,
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B ateletal., 1986; Conner & Lee, 19&1; 1982; Kirchin, 1988; Peters et ai., 1998a; 1998b; Porte
et al., 1995). In the sea anemone (A. xanthogrammica), the n-octylamine column retained one
or more 50-60 KDa proteins that were weakly recognized by anti-CYP2E and anti-CYP2B 1/2
(from Oxford Biomedical) in column eluate (data not shown). However, there was no indication
o f a 417 nm absorbance in any o f the fractions. Thus, the CO-difference binding spectra was not
examined. The lack o f detection o f the 417 nm absorbance may have been the result o f the
protein having been too dilute or having lost its heme-center. The heme may have been lost
during the process o f removing the detergents and concentrating the proteins through an Amicon
Centriprep 30. Finally, DEAE chromatography is typically used in P450 purification protocols
to separate the P450 isofonns. The sea anemone P450 isofonns may also be retained by DEAE;
coomassie blue stained gels indicated that there was a 50-60 KDa protein retained by the DEAE
resin (Fig. 4-10). Further studies (Western blots with the various P450 antibodies) may
demonstrate that these 50-60 KDa proteins that bound to the DEAE are P450 isofbrms.
These data indicate that the 50-60 KDa sea anemone microsomal proteins recognized by
the various vertebrate P450 antibodies are cytochrome P450 and that multiple P450 isofbrms
exist within sea anemones. These findings are based on the detection o f several 50-60 KDa
proteins that contain physical properties similar to those o f known P450 isofbrms. Isolation and
characterization o f these proteins may identify the number o f isoforms that are recognized by
these antibodies, their diversity, and their endogenous as well as exogenous role(s) in these
organisms. The steps examined towards purification o f these proteins indicate that more typical
P450 purification methods might isolate these CYP-immimoreactive 50-60 KDa proteins.
Im m unoreactive 28 and 40 KDa Proteins
Most cytochromes P450 reported for invertebrates (non-insect) are between 46-56 KDa
(e.g., Batel et al., 1986; Berger & Fairlamb, 1993; Conner & Singer, 1981; Kirchin et al., 1992;
Lee, 1986; Livingstone et al., 1989; Quattrochi & Lee, 1984a; 1984b; additional references in
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Table 4-3). Nevertheless, in several species o f sea anemone^ a lower molecular weight protein
was strongly recognized by both anti-CYP3A l (~ 28 KDa) and by anti-CYP2KI (~ 40 KDa) in
addition to the 50-60 KDa microsomal proteins (Figs. 4-4,4-7, and 4-8). The recognition o f
these proteins does not appear to be from non-specific binding because neither protein was
recognized by the other P450 antibodies, which were also produced in the rabbit. The detection
o f these lower molecular weight proteins in the sea anemone is consistent with several other
invertebrate studies which reported detecting 30-44 KDa proteins by a P450 antibody (Boyle &
James, 1996; James & Boyle, 1998; Peters et al., 1998a; 1998b).
The identic o f the sea anemone 28 KDa protein is unknown; however, a similar
molecular weight protein (~ 30 KDa) was recognized in the spiny lobster by the polyclonal rabbit
anti-lobster CYP2L antibody (Boyle and James, 1996). These authors noted that they bad
evidence for the presence o f a sliced (truncated) variant o f CYP2L; the 30 KDa protein could be
the translated product o f that spliced variant o r a breakdown product o f P450. This explanation
may also account for the identity o f the lower molecular weight proteins recognized by the trout
CYP3 A in several species o f sea anemone (~ 28 KDa), the blue crab (~ 32 KDa), and a sea star
(~ 24 KDa). Such low molecular weight proteins (i.e., 30-40 KDa) were not detected in trout
liver microsomes by this CYP3 A antibody.
The 40 KDa protein was detected by the polyclonal anti-trout CYP2K in most o f the
marine invertebrates examined (Fig. 4-8), but not in the four vertebrate species (representatives
o f four vertebrate classes) (Fig. 4-7). In the rainbow trou^ W estern blot and ELISA analyses on
purified proteins have demonstrated the high specificity o f this antibody for P450 members o f the
2 ûunily (i.e., CYP2K isoform, ~ 54 KDa; CYP2M, ~ 50 KDa; CYP2B, MW not given), and
anti-CYP2K does not recognize purified cytochromes P450 outside o f its family (i.e , CYPIA or
CYP3 A) (Buhler & Wang-Buhler, 1998; Miranda etal., 1990). Nevertheless, despite the strong
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recognition o f the 40 KDa protein by the CYP2K antibody, there is evidence that the sea
anemone 40 KDa protein may not be a cytochrome P450.
Due to the particularly strong recognition o f the 40 KDa protein by this antibody and its
uniqueness to the marine invertebrates, efforts were focused on purifying and identifying this
protein. The early steps examined for a protein purification protocol (i.e., solubilization and
PEG precipitation) were relatively typical o f a P450. Similar to several vertebrate P450
isofonns (e.g., 10-16% Elshourbagy and Guzelian, 1982; 9-15% Ryan et al., 1982; 10-16%
West et al., 1979), the highest concentration o f the 40 KDa protein was present in foe 12-18%
PEG 6000 pellet. Also similar to the invertebrate P450, a large percentage o f foe 40 KDa
protein precipitated over a wide range o f PEG (e.g., 0-5% Batel et al., 1986; 4-15% Kirchin,
1988; 0-16% Quattrochi & Lee, 1984a; 0-10% Quattrochi & Lee, 1984b). However, adjusting
foe percentage o f PEG used to remove foe contaminating proteins resulted in too great of a loss
of foe 40 KDa protein. While several marine invertebrate studies have used PEG precipitation in
their P450 purification procedures, they typically used a very broad PEG range (0-5% Batel et
al., 1986; 4-15% Kirchin, 1988; 0-16% Quattrochi & Lee, 1984a; 0-10% 1984b), suggesting
that they suffered from foe same problem. Due to foe relatively low concentrations o f P450 in
invertebrates as compared to vertebrates, these studies were probably more focused on obtaining
the maximum amount o f P450 at foe expense o f purity.
The results from foe remaining purification procedures were afypical for P450. For
instance, mammalian studies have classically used DEAE chromatography to separate different
P450 isofbrms. While DEAE chromatography has been less useful for separating isofonns, foe
invertebrate P450 isofonns are also retained by a DEAE column. In this case, foe 40 KDa
protein was not retained by the DEAE sephacel at pH 7.8 (Figs. 4-10 to 4-12). Further, foe 40
KDa protein did not bind to either n-ocfylamine or chloramphenicol column resin, both of which
are commonly used to bind P450 isofbrms. An n-ocfylamine column has been used to partially
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purify several invertebrate P450 isofonns (e g., Batel etal., 1986; Conner & Lee, 1981; 1982;
Kirchin, 1988; Peters etal., 1998a; 1998b; Porte etal., 1995). These results suggest that the 40
KDa protein might not be a P450, although an alteration in the hydrophobicity or active site o f
the enzyme could have prevented it from binding to the n-ocQ'^Iamine or chloramphenicol
columns.
The N-terminal sequence data were unambiguous and closely matched several published
sequences for GAPD (which can have a molecular weight o f 31 to 36 KDa; see Pasquaii et al.,
1996 and Sanchez et al., 1996). Thus, 2D gels were performed to determine if the
immunoreactive protein band were composed o f a GAPD and a putative P450 isoform that had
comigrated on the 1-dimensional gel. The 2D gel electrophoresis demonstrated that the 40 KDa
band from the ID gel was composed o f multiple proteins and that several o f these proteins were
recognized by the CYP2K antibody, suggesting that they might be different isofonns (Figs. 4-15
and 4-16). However, the N-terminal sequence obtained from two spots (pi ~ 8.7,15 residues; pi
—8.5,10 residues) in the 2D gel were identical to the 15 residue sequence obtained from the 40
KDa band o f the ID gel (Table 4-2). Further, these N-terminal sequences were completely
different from any portion o f the trout CYP2K protein, the N-terminal region o f a clam CYP30,
and the N-terminal region o f the lobster CYP2L (Brown et al., 1998; Buhler et al., 1994; James
et al., 1996).
In addition to the N-terminal sequence, other data argue against the 40 KDa protein
being a P450. First, while recent studies have reported recognition o f lower molecular weight
proteins by P450 antibodies (Boyle & James, 1996; James & Boyle, 1998; Peters et al., 1998a;
1998b); the typical molecular weight fo r P450 is between 50-60 KDa (Table 4-3). Second, the
recognition o f the 40 KDa protein was a t least five times more intense in the cytosol o f the sea
anemone than in the microsomes. W hile this would be an unusual finding for a protein that is
normally membrane-bound, it would explain the unusual behavior o f the 40 KDa protein with
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respect to the purifîcatica procedures used. Third, in addition to the atypical purification
scheme, the purification could not be monitored by the CO-difference binding spectra (although
it could be monitored by the 417 nm absorbance). Fmally, the estimated pis for these 40 KDa
sea anemone isoforms are higher than the typical range (5.0 to 6.5) seen for cytochromes P450,
although some P450 isoforms have pis as high as 7.0 or 8.1 (Guengerich, 1982).
With the exception o f the N-terminal sequence data, none o f the above discrepancies
would by itself elim inate the possibility o f the 40 KDa protein being a P450. For instance, there
are two examples o f cytosolic P450 isoforms found in bacteria (Lewis, 1996; Ortiz de
Montellano, 1995). Further, the lack o f any P450 binding spectra associated with the partially
purified 40 KDa protein may have been due to loss o f the heme-center o f the protein,
dénaturation o f the protein during the purification procedure, or too little o f P450 in the solution
to demonstrate the spectral properties. Finally, it is difficult to evaluate the importance o f the pi
values because there was no information on the running conditions for the referenced P450
proteins. However, when the discrepancies are considered in total, they suggest that the sea
anemone 40 KDa protein might not be a cytochrome P450.
In regards to the presence o f a cytosolic protein in the sea anemone microsomes, the
large amount o f connective tissue in the sea anemone microsomal preparation may have resulted
in poor separation o f the cytosol and microsomes. The presence o f connective tissue has been
shown to interfere with the production o f the microsomes in mammalian lung (Schenkman &
Kupfer, 1982). Based on TEM images, the sea anemone microsomes did not appear to contain
any mitochondria (data not shown), while the cytosolic fraction still contained microsomes.
Despite the high specificity in the trout o f the polyclonal rabbit anti-trout CYP2K
antibody for P450 members o f the 2 family (Buhler & Wang-Buhler, 1998; M iranda et al.,
1990), polyclonal antibodies have occasionally been shown to recognize specific, charged regions
o f non-target proteins in addition to the epitope regions o f the proteins to which the antibodies
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were made. Thus, given the findings discussed above, the CYP2K antibody appears to be
recognizing a cytosolic protein in several o f the marme invertebrates. Based on die N-terminal

sequence, these proteins have a high sequence identity with several cytosolic and non-cytosolic
proteins: GAPD, thymidine phosphorylase, ubiquinol cytochrome c reductase, 20 a~
hydroxysteroid dehydrogenase, and lactate dehydrogenase (Table 4-2).
The N-terminal sequence most closely matched published GAPD sequences. Thus, a
GAPD antibody was examined for its ability to recognize the partially purified 40 KDa protein
which was recognized by the polyclonal CYP2K antibody (Fig. 4-13). The monoclonal rabbit
GAPD antibody recognized the control sample o f purified rabbit GAPD, but it did not detect the
40 KDa protein (Fig. 4-14). Although this GAPD antibody apparently recognizes a snail heart
muscle GAPD (personal communication with Biogenesis), the monoclonal nature o f this GAPD
antibody might have prevented recognition o f the 40 KDa protein. Nevertheless, due to the lack
o f recognition by the GAPD antibody o f a 30-40 KDa protein in the cytosolic fiaction o f either
the rainbow trout or sea anemone (B. cavem ata), the GAPD antibody results are inconclusive.
If the 40 KDa proteins are GAPD, typically a highly conserved protein, then they have
some unusual properties as compared to other GAPD proteins. For instance, the CYP2K
antibody recognized the protein only in the invertebrate species. Further, the estimated pis for
these spots were high for GAPD; pis were 6.7 and 6.5 for GAPD in E. coli (Pasquaii et al.,
1996) and were between 6.5 to 7.0 for GAPD in yeast (Sanchez et al., 1996), as estimated with
IPG Strips under the same denaturing conditions used in this study. Finally, the purification of
the 40 KDa protein could be monitored based on a positive absorbance at 417 nm, suggesting
that it has a heme-center (although the 40 KDa protein might have co-purified with a hemecentered protein).
Based on the available evidence, the 40 KDa is presumed to be a GAPD, but that has
not been proven. Both GAPD and P450 can m igrate as multiple spots on a 2D gel (e.g..
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Guengerich, 1982; Pasquaii etai^ 1996; Sanchez e ta l., 1996), and it is conceivable that both o f
the spots on the 2D gel contained GAPD and P450. This seems unlikely, given that for both
spots they would have to have the same pis as well as molecular weights to comigrate in the two
dimensions. There is also still a possibility that the two proteins that were sequenced are GAPD,
while the other proteins m aybe various P450 isoforms. Nevertheless, that would still mean that
the CYP2K antibody recognizes a GAPD in invertebrates. These results indicate that caution
needs to be exercised when using vertebrate P450 antibodies in marine invertebrates, particularly
when considering unique molecular weight proteins.
Given the above issues and that only the first 15 residues o f the N-terminal sequence for
40 KDa protein have been identified, the high sequence identity o f the 40 KDa protein with
several other candidate proteins should not be ignored (Table 4-2). Studies examining the
presence o f GAPD activity in the partially purified sample would assist in identification of this
40 KDa protein. These additional studies should also examine the cross-reactivity o f the
monoclonal CYP2K antibody with the 40 KDa protein in the partially purified sample, as well as
in the various invertebrate microsomal and cytosolic fiactions.
In sununary, while the 40 KDa protein does not appear to be a cytochrome P450, the
overall evidence confirms that the 50-60 KDa proteins detected by the CYP antibodies are
cytochromes P450. First, sea anemone clearly contains a cytochrome P450-dependent mixedfunction oxidase system. Second, the 50-60 KDa proteins had molecular weights typical of
P450 isofbrms. Finally, these proteins conformed to standard purification procedures for
cytochromes P450 and their purification could be tracked through appropriate spectral
properties.
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Chapter 5: Summary
Several studies have demonstrated rapid uptake and slow elimination rates o f xenobiotics
in anthozoans as compared to other marine invertebrates, but they did not examine the ability o f
antbozoans to metabolize these compounds to more hydrophilic substances that can be
eliminated. The addition o f a reactive functional group (e.g., -OH, -NH;, -SH, -GOGH) by P450
is often a prerequisite to phase II conjugation reactions, which render lipophilic molecules more
hydrophilic by addition o f highly polar groups (e.g., glutathione, sulfate, glucuronate) at the
oxidized sites. The initial oxidation o f many hydrophobic exogenous compounds is performed by
the cytochrome P450-dependent mixed-function oxidase (MFC) system (Chapter 1).
The presence o f a functional cytochrome P450-dependent MFC system has been clearly
demonstrated in several marine invertebrate phyla; however, its presence had been far less
rigorously documented in cnidarians. Early cnidarian studies failed to detect either cytochrome
P450 activity or its characteristic spectral properties, probably as a result o f low P450 contents,
endogenous inhibitors to P450, and low reductase activities. In contrast, several recent studies
indicated the presence o f a functional cytochrome P4S0-dependent MFO system in two cnidarian
classes —Hydrozoa and Anthozoa. The studies reported here indicate that a functional
cytochrome P450-dependent MFO system is present in the microsomal fraction o f the sea
anemones Anthopleura xanthogrammica, A. elegantissima, and Bunodosoma cavem ata.
Although it was not possible to quantitate the P450 specific content from A.
elegantissim a, A. xanthogrammica, or many of the B. cavem ata microsomal preparations
because o f interfering absorbance at 490 nm, a characteristic 450 nm peak was consistently
observed in each of these sea anemone species under reduced conditions in the presence of CO.
In the few individuals for which P450 could be quantitated, the spectral properties o f the COliganded, DTN-reduced microsomes indicated that A cavem ata contains approximately 52 pmol
P450/mg protein. The P450 content observed in B. cavem ata microsomes was comparable to
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values typically observed ùi other marine invertebrates, in which values ranged from 20 to 140
pmol P4S0/mg microsomal protein (Chapter 2).
Consistent with observations in the mollusc and other marine invertebrates, sea anemone
microsomal DTN-reduced, CO-difference spectra had a large 418 nm peak. The actual identity
o f the 418 nm peak is currently unknown; however, the evidence suggests that it is not entirely
reflective of denatured cytochrome P450. The presence o f additional heme-centered proteins,
such as a peroxidase, could account for the large 418 nm chromophore and the spectral
characteristics within the 500-700 nm region (Chapters 2 and 3).
A functional P450-dependent MFO system requires the presence o f a reductase to
transfer the electrons to P450 either directly (i.e., NADPH-cytochrome P450 reductase) or
indirectly (i.e., NADH-cytochrome b^ reductase and cytochrome b;). Each species o f sea
anemone contained NAD(P)H-cytochrome c and NADH-ferricyanide (b$) reductase activities.
The NADPH-cytochrome c (P450) reductase activity was at the lower end o f the range observed
in other marine invertebrates and much lower than in the earthworm (L. terrestris), the barnacle
(B. ebvm eus), and several molluscs. The NADH-<tytochrome c reductase and NADHferricyanide (b;) reductase activities were similar to activities observed in the sea urchin (£1
escidmtus), but significantly lower than that observed in other marine invertebrates (Chapter 2).
Despite the relatively low reductase activities as compared to many other marine
invertebrates, the sea anemone microsomes were capable of metabolizing the P450-dependent
monooxygenase reactions, aldrin epoxidation and ethoxyresorufin O-dealkylation, in the
presence of NAD(P)H. Both o f these reactions were linear with respect to tim e and protein
concentration. Further, they both required the presence o f either NADH or NADPH; there was
no NAD(P)H-independent activity as observed in mollusc (Chapter 2).
NADPH- and NADH-dependent EROD activity was consistently observed in Æ
xanthogrammica and A. elegantissima; however, it was below the detection lim it o f the assay in
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B. cavem ata. Despite the much higher NADH-cytochrome c and ferricyanide reductase
activities^ the sea anemone monooxygenase reactions consistently preferred NADPH as a
cofactor for ethoxyresorufin 0-deallqrlation. The EROD activities detected were similar to
values found in many other marine invertebrates.
hi contrast to the EROD activity, NADPH- and NADH-dependent aldrin epoxidation
activity was consistently observed in B. cavem ata and A. elegantissima. It was also observed in
most of the A. xantho^am m ica microsomal preparations; however, the values detected in this
species were often very close to the detection limit o f the assay. In most o f the microsomal
preparations, the aldrin epoxidation activity tended to be slightly higher with NADPH as
opposed to NADH, while the rest o f the microsomal preparations strongly preferred either
NADPH (~ 30%) or NADH (~ 5%) as an electron donor for aldrin epoxidation. In each species
o f sea anemone, the aldrin epoxidation activities were much lower than values observed in other
marine invertebrates. While these sea anemone species might not be very efficient at aldrin
epoxidation, further analysis would need to be performed to ensure that the low activities are not
an artifact of the presence o f endogenous inhibitors or the result o f a narrow pH range in these
sea anemones that is dififorent than seen for several other marine invertebrates (Chapter 2).
This varying electron-donor preference for aldrin metabolism in the sea anemone could
result from differential expression (in batches o f microsomes) o f multiple P450 isoforms that are
able to catalyze aldrin epoxidation. The presence o f multiple isofbrms that are differentially
expressed would also explain the higher variability^ in rate o f aldrin epoxidation between
different microsomal preparations as compared to the EROD activity. The existence o f more
P450 isofbrms capable o f metabolizing aldrin as compared to ethoxyresorufin would be
consistent with results observed in vertebrates.
Further evidence for the presence o f multiple microsomal P4S0 isoforms in the sea
anemone is indicated by immunodetection studies. Several antibodies raised against rat or fish
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P450isofonnsoftheC Y P 1,2, and 3 families recognized pioteui(s) between 50-60 KDa in the
microsomal fiactio n o f^ . elegantissima^A. xanthogrammica, and A cavem ata. Determination
o f the actual number o f putative P450 isoforms detected by these antibodies is complicated by
several o f these antibodies (i.e., anti-CYPlA, -CYP2E, and -CYP3A) recognizing a 50-60 KDa
protein o f the same molecular weight. Recognition o f the same molecular weight proteins could
result from these antibodies detecting either one P450 isoform with multiple epitope sites or
multiple P450 isoforms o f the same molecular weight that each contain an epitope to one o f these
antibodies. However, the recognition patterns detected by anti-CYP2B, 2C11% and 2K were
each quite different than the pattern detected by the CYPIA, 2E, and 3A antibodies. These
results indicate that multiple P450 isoforms exist within the sea anemone (Chapter 4).
The presence o f differential expression o f the putative P450 isoforms could explain the
detection o f a doublet band in the Alaskan A. elegantissima as compared to the singlet in A.
xanthogrammica, B. cavem ata, and C. gigantea. The doublet was not the result o f a speciesspecific difference because the doublet was not also detected in the Californian A. elegantissima.
Many factors will alter the expression o f certain P450 isofbrms, such as season (i.e., season
collected), diet, and exposure to inducing agents. The presence o f a diatomaceous symbiont in
the Alaskan Anthopleura as compared to an algal symbiont in the two Californian Anthopleura
may also influence the expression o f these P450 isoforms. Differential expression would also
explain why the 50-60 KDa protein was detected in most A elegantissima and A.
xanthogrammica microsomal preparations, but tended to be less consistent in B. cavem ata
microsomes and often was not observed in C. gigantea.
In addition to die standard 50-60 KDa proteins, there are proteins at unique molecular
weights that are strongly recognized by anti-trout CYP2K (~ 40 KDa) and anti-trout CYP3A
(~ 27 KDa). The detection of these lower molecular weight proteins in the sea anemone is
consistent with several other invertebrate studies that reported the detection o f 30-44 KDa
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proteins by a P4S0 antflxxfy. Currently, the id en tic o f these proteins is unknown, although there
is evidence to suggest that the 40 KDa protein, which is so strongly recognized by the polyclonal
rabbit anti-trout 2K antibody, is not a P450. Given the findings discussed in Chapter 4, the
CYP2K antibody appears to recognize in several o f the marine invertebrates a (^osolic protein,
which has high N-terminal sequence identity with a GAPD. However, the 40 KDa protein also
seems to have some characteristics that are atypical o f a GAPD. Further, the N-terminal
sequence also has good sequence identiQr with several additional proteins (i.e., thymidine
pbosphorylase, ubiquinol (ytochrome c reductase, 20 a-hydroxysteroid dehydrogenase, and
lactate dehydrogenase).
While these results indicate a need to be cautious when assigning an identity to these
immunoreactive proteins, other evidence indicated that the 50-60 KDa proteins are P450. First,
Western blots probed with several P450 antibodies demonstrated that the sea anemone
microsomes contained proteins between 50-60 KDa with epitope regions (i.e., similar amino acid
sequences) common to multiple vertebrate P450 isoforms (i.e., CYPIA, 2B, 2C 11\ 2E, 2K, and
3A). Second, these proteins are within the expected molecular weight range (i.e., 50-60 KDa)
for P450. Third, the procedures examined towards purifying the 50-60 KDa proteins revealed
proteins with additional physical characteristics similar to known P450 isoforms; for instance,
they are precipitated by PEG and they bind to an n-ocfylamine column. Finally, the P450
binding spectra demonstrated that sea anemone P450 was concentrated in the same PEG pellet
that concentrated the immunoreactive 50-60 KDa proteins.
Most o f the sea anemone P450 studies were performed on microsomal preparations
composed o f the entire columnar region rather than on microsomes fiom specific tissues that
might concentrate P450. However, the preliminary studies herein indicated that cytochrome
P450 is relatively evenly distributed throughout the sea anemone. The lack o f any tissue-specific
concentration o f P450 in the sea anemone is in agreement with fiirdihgs in the sea star (den
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Besten, 1990). den Besten (1990) suggested that organisms without a circulatory system may
not concentrate P4S0 because no particular region plays a more dominant role in processing o f
food or pollutants. While marked differences in P4S0 content should have been detectable in the
experimental design used in this stutfy, subtle differences in P450 content may have been missed
due to dissections not completely separating tissues o f different P450 contents, the contribution
o f the algal symbiont, or potential interference o f other heme-proteins in the detection o f P450.
Future studies should focus on additional individuals, qmibiont-feee sea anemones, and the
examination o f additional MFO properties, as well as other members o f the phylum (Chapter 3).
In conclusion, despite the lack o f MFO activity' reported in anthozoans and scyphozoans
by several cnidarian studies, other studies indicate that anthozoans and hydrozoans do contain a
functional cytochrome P450-dependent MFO system. In particular, this study further
demonstrates the presence o f P450 in several species o f sea anemone (Phylum: Cnidarian). The
evidence reported in this dissertation is based on the presence o f [1] a characteristic cytochrome
P450 spectra, [2] active MFO components, [3] metabolism o f several cytochrome P450
substrates, and [4] immunoreactivity with cytochrome P450 antibodies.
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AppendirA: Aldrin Epoxidatioit
Table A -I. NAD(P)H aldrin epoxidation activity (30 °C) o f each microsomal preparation as
determined fiom the HP-608 column.
M ic ro so m e s

pmol/hi/ mg protein
NADH
NADPH

pmol/hr/g tissue
NADH

NADPH

AEl
A E2
AE 3
AE 4

1.87 ±0.22
0.51 ±0.10
2-65 ±0.22
0.52 ±0.16

2.19 ±0.86
0.73 ±0.42
4.19 ±0.61
0.95 ±0.11

4.91 ±0.58
135±031
1133 ±0.99
1.61 ±0.49

5.74 ± 2 2 6
221 ± 126
18.86 ±2.73
232±024

BC
EC
BC
BC
BC

1.48 ± 0.47
1.11 ±0.11
1.60 ±0.06
1.60 ± 0 J 2

2.71 ± 0 2 8
0.44 ±0.09
1.45 ±0.04
1.52 ± 0 2 1
1.72 ±0.19

8.41 ± 1.08
5.03 ±1.59
5.17 ± 0 3 0
825 ± 0 2 0
521 ± 1.06

10.08 ± 1.03
1.50 ± 0 2 1
6.76 ± 0 2 0
73 2± 1.12
5.70 ±0.62

0.65'’
0.85 ±0.03*
0.17 ±0.05
1.27 ±0.03*
0.25 ±0.05
0 J 0 ± 0 .0 5 "
0.40'*
no activity

0.55 ±0.14*
1.45 ± 0 2 7
0.92'’
1.03 ±0.14
1.02 ±0.03
0.72 ±0.0*
0.47 ± 07*
0.88 ± 0 2 1

1.36'’
127 ±0.05*
023 ±0.07
2.02 ±0.42*
030 ±0.19

1.16 ± 0 2 *
2 2 2 ±0.43
127%
1.65 ± 0 2 3 *
3.73 ±0.11

I
2
3
4
5

AXl
AX2
AX3
A X4
AX5
A X6
AX7
AX8

_ C

1.47^
C

C

1.71 ± 0 2 4 *
C

Due to A. xanthogrammica being at the detection limit o f the assay, any variation in extraction
efficiency strongly affected the amount o f dieldrin detected in that sample. Thus, samples that
contained negative values or were much different than others after subtracting the control
(reaction without cofactor) were removed fiom calculation o f mean ± 1 std error.
*removed I of the triplicates from mean ± std error.
'*removed 2 of the triplicates fiom mean ± std error,
g wet tissue per mL were not known.
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